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FOREWORD 


This document constitutes the final report of the Gemini Agena Target Vehicle Engine 
Modification and Test Program (Project Sure Fire). Project Sure Fire was concerned 
with the design modification, redevelopment, and flightworthiness demonstrations of 
the GATV multistart rocket engine. The design modification and test requirements of 
this program were established by and conducted in accordance with Engineering Change 
Proposal LH-545-101F-R2 to Contract AF 04(695)-545. LMSC Project Sure Fire 
activity was conducted in compliance with Air Force letter contract designated S. A. 
No. 25 to the AF 04(695)-545 contract. This report complies with the Contractor Data 
Requirements List (DD form 1423) line item No. 61, Final Test Report. 


iii 


LOCKHEED MISSILES & SPACE COMPANY 


i —“(‘(‘(RCON(N(CCOOCC( Rll 


14 


Lada] 


LMSC -A818110 


SUMMARY 


The original USAF Model XLR 81-BA-13 Rocket Engine was designed and developed to 
provide a multistart primary propulsion system capability for the Gemini Agena Target 
Vehicle (GATV). The engine configuration was similar to the basic Standard Agena 
Model YLR 81-BA-11 Engine except for the start system, the main propellant valve 
sequencing which changed due to removal of pressure switches from the engine control 
circuit, and associated electrical system modifications. The main propellant valve 
sequencing provided a fuel lead ignition sequence in the main thrust chamber under nor- 
mal operating conditions, creating a difference from the oxidizer lead designed into the 
YLR 81-BA-11 engine. Extensive sea level subassembly and engine testing and simu- 
lated altitude testing at a maximum of 120,000 feet were accomplished during develop- 
ment and Preliminary Flight Rating Tests (PFRT). 


During the first flight of the multistart engine on GATV 5002 on 25 October 1965, pre- 
mature engine shutdown occurred during the first engine start sequence. Engine 
shutdown caused propellant flow from the main tanks to stop, but the pressurization 
system continued to pressurize the small ullage volumes, eventually rupturing the 
tanks. Tank rupture allowed propellants to mix and react, destructing the vehicle. 
The postflight failure analysis resulted in the conclusion that the most probable cause 
of the flight failure was hard start.* Less probable causes of the failure were pyro- 
technic separation shock damage, and inadvertent engine shutdown by the engine 
electronic gate. | 


Corrective action requirements were generated based on results of the postflight 
analysis, a propulsion system and vehicle aft rack design review, and a symposium on 
ignition of hypergolic propellants. The engine design change recommendations were to 
convert the XLR 81-BA-13 engine to a thrust chamber oxidizer lead start sequence 


*In the main combustion chamber of the rocket engine a hard start is not a detonation, 
but a result of a reaction occurring at a very high rate. 


Vv 


LOCKHEED MISSILES & SPACE COMPANY 


LMSC-A818110 


similar to the YLR 81-BA-11 engine, incorporate shock mounting for certain engine 
electrical control components, and disable the electronic gate shutdown capability 
during ascent burn operation. Test requirements were established to verify adequacy 
of the design changes and demonstrate flightworthiness of the modified engine configura- 
tion. Results of a symposium on hypergolic ignition indicated that one significant test 
requirement was not included in the original XLR 81-BA-13 engine development and 
PFRT programs. This was engine testing at an altitude which properly simulated the 
hard vacuum that exists during flight. Therefore, an engine modification and test pro- 
gram was planned which required reliable ignition demonstration during hard vacuum 
simulation tests at 250, 000 ft before the target launch date for GATV 5003. This re- 
quired an accelerated, maximum success schedule. Consequently an Air Force, 
Aerospace, NASA, and industry team effort and maximum priorities were necessary 
to accomplish the program according to the proposed schedule. Project Sure Fire was 
established to manage the engine modification and test program, and activity was 
initiated early in November 1965. 


Testing was immediately initiated on the turbine pump assembly. These tests provided 
the preliminary engine transient performance values, defined the initial detailed design 
change requirements, verified satisfactory operating characteristics of the proposed 
modified configuration prior to initiating engine level testing, and verified expected 
operating characteristics with various imposed malfunction conditions. The turbine 
pump testing included OFPS durability tests and other tests were conducted as neces- 
sary to verify design changes incorporated as the program progressed. A total of 

75 turbine pump assembly tests were accomplished between November 1965 and 

March 1966. 


A total of 37 gas generator/start system tests were conducted from November 1965 
through March 1966. During these tests, conducted at sea level and at 240, 000 feet 
simulated altitude, reliable gas generator ignition was achieved throughout the range 
of predicted flight operating conditions, as well as for conditions normally considered 
conducive to producing adverse ignition characteristics. In addition, reliable ignitions 
were demonstrated after a gas generator/start system had simulated a 28-day pad hold 
period and a subsequent 5-day altitude coast storage period. ‘ 
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A pressure switch relay box was designed for the initially proposed configuration, and 
the development and flightworthiness demonstration tests were conducted on this com- 
ponent in December 1965 and January 1966. Vibration, shock, humidity, acceleration, 
altitude, and electrical tests were conducted. A relay failure occurred during develop- 
ment vibration tests, and after a subsequent reliability analysis, the relay was removed 
and the relay box was converted to a junction box. Development and flightworthiness 
demonstration tests were continued on the relay box however, and flightworthiness of 
this component was demonstrated. The final configuration junction box was qualified 

by similarity. These tests also resulted in a design change of the shock mounting 
bonding straps, and provided the basis for improved relay manufacturing and quality 


control procedures. 


Elevated stress tests, including vibration, shock, voltage, temperature, and extended 
power-on time tests were conducted, as applicable, on the electronic gate, pressure 
switch relay box, and engine electrical harness. Adequate design margins relative to 
the flight operating environment were demonstrated for these components. 


The proposed engine modification involved addition of two pressure switches in the 
engine control circuit to provide the required thrust chamber oxidizer lead start se- 
quence. Turbine pump assembly test results indicated a high frequency actuation- 
deactuation cycling characteristic of the backup oxidizer feed pressure switch during 

a normal engine start sequence. Pressure switch durability tests were conducted 
which verified that the mechanical durability of the feed pressure switch was adequate 
for the expected cycling characteristics during a flight mission. Pressure switch 
vacuum tests were conducted, with no degradation of the microswitch contacts observed, 
successfully demonstrating switch operational capability at the Gemini mission altitude 


for a minimum 5-day period. 


Vibration, shock, and hot fire tests were conducted in January and February 1966 as 
part of the engine sea level flightworthiness demonstration (FWD) program. Satis- 
factory structural design of the new and modified component installations was verified. 
The 42 hot fire tests demonstrated satisfactory operation and sequencing of the 
modified engine configuration, and verified successful implementation and checkout of 
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the modified engine test and servicing procedures. The sea level FWD test program 
provided high confidence that the modified engine configuration provided the desired 
transient operating and sequencing characteristics over the range of specification 
temperatures, pressures, and voltages. Consequently, the simulated altitude FWD 
tests were allowed to proceed without further design change and with the objective of 
demonstrating that these transient characteristics would provide safe and reliable 
ignition and operation in a flight environment. 


A total of 43 engine FWD tests at simulated altitudes ranging from 257, 000 to 

453, 000 feet, and two checkout firings at 85, 000 feet were conducted during the period 
of 7 February to 2 April 1966. The ignition confidence, simulated mission, low tem- 
perature, and malfunction tests at an average simulated altitude of 356, 000 feet suc- 
cessfully demonstrated the high altitude flightworthiness of the modified XLR 81-BA-13 
engine. Sufficient confidence in the reliability of engine ignition had been gained from 
the 27 Phase I and Phase II altitude tests completed by 4 March 1966 to assure GATV 
5003 flightworthiness and allow commitment of the modified engine design to flight. 
Significantly, the postulated GATV 5002 flight failure mode was confirmed during the 
altitude malfunction tests, which showed that a fuel lead on the XLR 81-BA-13 engine 
would produce hard starts when tested at the proper altitude and that a reasonably high 
probability of hardware damage exists. Reevaluation of Vehicle 5002 data indicated 
that the engine damage incurred during the flight was similar to that observed during 
the last fuel lead test. In addition to the successful flightworthiness demonstration of 
the modified engine, the altitude tests provided data on altitude ignition characteristics 


over a temperature range from + 100°F to below zero. 


An unexpected destructive hard start occurred during a checkout firing early in the 
altitude test program. Post test data analysis and testing showed that excessive water 
and alcohol contamination (approximately 85 percent) was introduced into the engine 
fuel system during the prefire propellant loading operation. The fuel system became 
contaminated with water during test cell down time for instrumentation and hardware 
repair. An abbreviated isopropyl alcohol flush procedure was conducted to remove 
water from the engine; however, the water and alcohol were not completely removed 
from the facility fuel system, resulting in entry of the contaminated fuel load into 

the engine. 
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Full-scale and sub-scale thrust chamber ignition tests were instituted at BAC to 
evaluate the effects of fuel contamination. Results showed that significant increases 
in ignition delay and peak pressures occur as the quantities of alcohol and water in 
the fuel are increased. These results, in addition to results of further analysis and 
tests at AEDC and LMSC, clearly supported the conclusion that the checkout test 
failure was caused by contaminated fuel. 


Further ignition tests were conducted at BAC to investigate thrust chamber ignition 
characteristics with fuel, oxidizer, and simultaneous propellant leads over a range 
of operating temperatures and altitudes (ambient pressures). Considerable data was 
relatable to the XLR 81-BA-13 engine thrust chamber, and was usable as an aid in 
explaining the differences in ignition characteristics in the main thrust chamber with 
fuel and oxidizer leads. 


At the same test conditions, the XLR 81-BA-13 engine thrust chamber produced 
significantly different ignition characteristics for a fuel lead start sequence compared 
to an oxidizer lead. Therefore, a comparative evaluation of the differences in ignition 
characteristics was made based on test data for the full-scale (engine) thrust chamber, 
the sub-scale thruster, and the engine gas generator assembly. The hardware design 
factors (such as feed configuration, injector type, residence time, etc.) which can 
affect ignition were reviewed, and the dependent conditions existing in the chamber at 
ignition, i.e., mixture ratio, density, ignition delay and ignition chemistry, were 
recorded or derived as the test variables of altitude, temperature and propellant lead 
were changed. The requirements for a reliable ignition were considered. The proper 
pressure and temperature must be generated in the fuel-oxidizer mixture during the 
induction period just prior to ignition, and a sufficient amount of oxidizer must be 
present during induction to prevent long ignition delays or quenching of the reaction. 


Based on analysis of the design factors and conditions in the full-scale and sub-scale 
thrust chambers at ignition, and on data from the literature, it appears that the 
chemistry of the ignition is involved in producing the hard start experienced in the 
main thrust chamber with the fuel lead start sequence. When oxidizer is not present 
in sufficient quantities during the induction period, a suitable oxidation reaction 
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does not occur to overcome the effects that the hard vacuum produces during the 
propellant preflow and/or mixing period. Thus, proper pressures and temperatures 
are not developed, and a long ignition delay results, during which secondary reactions 
probably occur, producing high energy intermediate compounds. A highly reactable 
mixture forms, including the UDMH fuel which itself posses monopropellant character- 
istics. The resultant mixture becomes the source of the additional energy which 
produces the hard start when ignition occurs. In the XLR 81-BA-13 thrust chamber, 
additional damage was incurred because the residence time was such that a reactable 
mixture accumulated downstream of the throat during the long ignition delay, causing 


the nozzle overpressure when ignition occurred. 


Although the gas generator operates reliably with a fuel lead, this reliability is 
attributable to the relatively very large volume of the gas generator/turbine manifold 
assembly which readily accommodates the energy stored at ignition, and to a pre- 
ignition pressure rise which indicates that a preigniter probably exists, similar to the 


main thrust chamber oxidizer lead start sequence. 
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CONCLUSIONS 


Significant conclusions derived from Project Sure Fire are: 


e Flightworthiness of the modified XLR 81-BA-13 engine configuration was 
successfully demonstrated. 


e An oxidizer lead start sequence is optimum for the XLR 81-BA-13 engine 
thrust chamber, providing low and acceptable ignition shock levels over the 
range of required operating conditions. 


® Significant differences exist between oxidizer and fuel lead ignition character- 
istics in the XLR 81-BA-13 thrust chamber. 


® The GATV 5002 flight failure analysis conclusion that an engine hard start 
occurred was proven correct, and the postulation that the engine hard 


start was due to a fuel lead start sequence was also correct. 


© Fuel lead hard starts yield high probability of damage to the thrust chamber 
assembly. Reevaluation of data from Vehicle 5002 indicates than an oxidizer 
line break occurred in the same area as that observed during the last fuel 
lead test at Arnold Engineering Development Center (AEDC). No reactions 
or adverse pressures were detected in any of the thrust chamber manifold 
cavities during the fuel lead starts at AEDC. The hard start reactions occurred 


in the combustion chamber and divergent nozzle. 


e The fuel lead hard start mechanism appears to involve the chemistry of the 
reaction during the induction period. Lack of an excess of oxidizer apparently 
prevents a satisfactory oxidation reaction from occurring relative to that for 
an oxidizer lead start sequence. A very long ignition delay occurs, allowing 
an accumulation of a reactable oxidizer-fuel mixture which probably contains 
high energy intermediate compounds formed during this delay. 
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e The XLR 81-BA-13 engine gas generator assembly provides reliable ignition 
with a fuel lead start sequence within the range of operating requirements. 
Low peak pressures and very slow pressure rise rates are always obtained. 
These characteristics appear to be due to the large volume of the gas gener- 
ator assembly, to the low potential energy in the chamber at ignition, and 
perhaps most important, to a preignition pressure buildup which is most 
probably attributable to the existance of a preigniter oxidizer flow. 


® Testing at the proper simulated altitude to determine engine ignition reliability 
is a necessary and an extremely important phase of space-flight engine 


development. 


® Propellant triple point (phase) data provides a reliable guideline for defining 
the minimum altitude test requirements. Further studies on the relation of 
phase data, propellant injection and expansion dynamics at hard vacuum, and 
presence of excess fuel or oxidizer, are recommended in order to advance the 
state of the art. 


e Existing ground test technology is more than sufficient to properly simulate 
required altitude conditions for medium-sized spacecraft rocket engines. 


® Sea level and altitude sub-scale, and sea level full-scale ignition tests can 
be a valuable adjunct to full-scale altitude testing. However, full-scale 
altitude tests must be conducted as final proof that complete simulation of 
all factors affecting the ignition process for a specific configuration have been 
demonstrated. 


It is believed that Project Sure Fire has contributed to an advancement of the 
state of the art in hard vacuum simulation requirements and ignition technology 


for medium-sized space vehicle rocket engines. 


Based on results obtained during Project Sure Fire, it is recommended that future 
space vehicle rocket engine development programs include full-scale testing at simu- 
lated altitude pressures well below the propellant triple point pressures. In addition, 
sub-scale thrust chamber ignition testing and selected laboratory and full-scale tests 
early in the development program are recommended. Valuable information for use 


in the detailed rocket engine design can thus be obtained. 
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To provide a necessary understanding of the mechanisms involved during ignition in 
the XLR 81-BA-13 engine gas generator and thrust chamber assemblies, the following 


types of tests are recommended: 
© Cold flow injection tests of a full-scale gas generator manifold-injector 
unit to determine if a preigniter oxidizer flow or its equivalent exists. 
© Propellant flow tests through initially evacuated thrust chamber cooling and 
manifold cavities to determine if a significant difference exists in the amount 
of heat transferred to the oxidizer or fuel preflow. 
e Additional sub-scale tests at simulated hard vacuum with shock measurements 


(accelerometers) to determine the ignition shock characteristics over a wider 
range of propellant leads and particularly, to obtain the oxidizer lead thresh- 


old below which high ignition shocks occur. 

e Laboratory tests to investigate the chemistry of the IRFNA-UDMH reaction 
under oxidizer and fuel lead conditions including determination of the reaction 
products formed during the induction period. 
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Section 1 
INTRODUCTION 


1.1 DESCRIPTION 


The Gemini Agena Target Vehicle (GATV) Engine Modification and Test Program 
(Project Sure Fire) was established by joint LMSC-USAF-Aerospace-BAC action on 

20 November 1965 following the GATV 5002 failure. The program was one for develop- 
ing corrective improvements to, and demonstrating flightworthiness of the rocket engine 
to assure successful missions on vehicles 5003 and subsequent. LMSC was technical 
director for the Sure Fire activity which included subcontract effort by Bell Aerosystems 
Corporation (BAC) and testing conducted at the Arnold Engineering Development Center 
(AEDC), Tullahoma, Tennessee. 


1,2 BACKGROUND 


Project Sure Fire was established subsequent to the engine flight failure of GATV 5002 

on 25 October 1965. Immediately following the GATV 5002 failure, LMSC conducted 

an accelerated data reduction and analysis program to determine the cause(s). During 
early November 1965, flight failure reviews were presented to the Flight Safety Review 
Panel, and a symposium on hypergolic rocket engine ignition at altitude was held at LMSC. 
The symposium was attended by 16 leading propulsion scientists and engineers representing 
Aerojet General, Bell Aerosystems Company, Aerospace, U. S. Air Force, Rocket 
Propulsion Laboratory, Marquardt, Rocketdyne, Princeton University, and LMSC, 


The findings and conclusions of the early November activity were essentially (1) that the 
flight failure of Vehicle 5002 was due to a "hard start" of the Agena Primary Propulsion 
System rocket engine, (2) the "hard start'' was probably caused by the fuel lead into the 
engine thrust chamber prior to ignition (the reliable-starting Standard Agena engine uses 
an oxidizer lead), (3) that an engine modification and test program be initiated, and (4) 
that altitude tests must be conducted at simulated altitudes above 250, 000 feet. 
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On 15 November, the combined recommendations of the study and review groups were 
presented by LMSC and BAC to AFSSD, NASA, and Aerospace representatives. The 
final GATV Engine Modification and Test Program (Project Sure Fire) proposal was 
presented to NASA at Houston, Texas on 20 November 1965. The proposal was approved 
and LMSC started work immediately to meet a 24 March launch date for Gemini VIII and 


Vehicle 5003. 


During the ensuing period, the redesign, modification, and redevelopment testing of 
the Agena rocket engine was performed as described and presented in this report. 


1.3 OBJECTIVES 


The basic objectives of Project Sure Fire were: 


e Provide an improved engine design for the primary propulsion system, 
consisting of the XLR 81-BA-13 (8247-475200) engine, modified to approach 
as closely as possible the oxidizer preflow characteristics of the YLR 81-BA-11 
(8096-475300) Standard Agena engine, but retaining the start system to preserve 
the multiple restart capability. 

e Modify the engine control circuitry as required, to achieve the oxidizer 
preflow, and inhibit the turbine overspeed control during the ascent phase to 
increase the probability of achieving orbit. 

e Demonstrate flightworthiness of modifications through an adequate test 


program, 
1.4 PROGRAM SCOPE 


Project Sure Fire engine modification and test program included: 


e Design analysis 

e@ Detailed engine and interface redesign 

e Specification, drawing, test plan and procedure, and documentation 
revision and preparation 

e Flight and test engine modification 

e Development, evaluation, acceptance, elevated stress, and 
formal demonstration tests 

e Production of two new engines 
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Additional design, hardware modification, analysis and evaluation testing, not originally 
planned, were incorporated as required, due to results of initial test and program acti- 
vities. Modifications under Project Sure Fire were effective for Vehicles 5001, and 5003 


and up. 


The first vehicle scheduled to incorporate the Sure Fire modification was GATV 5003, 
with a 24 March launch date requirement. Engines modified were flight engines 806, 
807, and 808, and flightworthiness test engines 805 and 803. Component and sub- 
assembly testing included: 


Pressure switch relay box 
Electronic gate 


Turbine pump assembly and control hardware | 


Thrust chamber (full scale injector flow and ignition tests and subscale 
ignition tests) 
Start system (gas generator) 


Engine electrical harness | 
Pressure switches 


Modified hardware installation dynamic tests (engine XRM-4) 
1.5 PROGRAM IMPLEMENTATION 


Program implementation began with the removal of engines from Vehicles 5001 and 
5003. These engines were shipped to BAC for modification to the oxidizer lead config- 
uration (two pressure switches and a relay box added), including change to use the 
YLR 81-BA-~-11 engine valves and shock mounting installation of the electronic gate 


and relay box, 


The test program was planned to include engine component, subassembly, and complete 
engine testing. Component design verification and elevated stress tests were performed 
at BAC, as well as turbopump testing at sea level and altitude tests on the engine start 
system. A flightworthiness demonstration test program was also performed at sea 
level at BAC on a complete engine. Complete engine flightworthiness demonstration 
testing was conducted at altitude conditions at Arnold Center test facilities. New design 


for flight hardware ran concurrently with the development test programs. 
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The following tests were conducted which were not included in the original test 


program: 


Oxidizer manifold transducer pressure sensing line dynamic tests 
Engine low-temperature ignition shock tests at altitude 

Pressure switch durability tests 

Pressure switch vacuum tests 

Full-scale thrust chamber ignition tests with contaminated propellants 
at sea level 

Sub-scale ignition tests at sea level and altitude 

e Thrust chamber injection flow tests 


1,6 REPORT PARTICULARS 


This final report covers the significant aspects of Project Sure Fire activity from 
November 1965 to 1 July 1966. It describes GATV engine design modification 

and development (Section 2) and the modified engine start and shutdown sequence 
(Section 3). Sections 4 through 9 describe the supporting tests and flightworthiness 
demonstrations conducted in conjunction with Project Sure Fire. Section 10 discusses 
a comparison of fuel and oxidizer leads. Reliability engineering analysis and engine 
retrofit kits are covered in Sections 11 and 12, respectively. 


Project Sure Fire effort remaining at the time this report is submitted includes review 
and submission of the BAC and ARO final reports on the AEDC Altitude FWD tests, and 
minimal final data analysis and evaluation activity. Any significant items resulting 
from this remaining effort will be submitted as addenda or errata to this report, if 
required. 
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4 Section 2 
gg ENGINE DESIGN AND MODIFICATION HISTORY 
sg 2.1 BASIC ENGINE MODIFICATIONS 
-, Results of the GATV 5002 post flight data analysis, a Primary Propulsion System 
- design review, and a combustion symposium provided the basic engine redesign 
_— concepts and modification requirements. The investigating groups concluded that 
= engine failure was due to a hard start and that the hard start probably was caused by 
Le a fuel rather than an oxidizer lead into the thrust chamber prior to ignition. 
| The primary recommendation of the investigating groups was to convert the XLR 81- 
x BA-13 engine thrust chamber propellant flow sequence from a fuel lead to an oxidizer 
7 lead configuration (basically a return to the configuration used in the Standard Agena 
= YLR 81-BA-11 engine). To achieve the oxidizer lead, a change in the main fuel valve 
- control was required. Two redundant pressure switches in the oxidizer flow path to 
2 the combustion chamber were determined to be the most reliable and expedient means 
a for controlling the lock-in relay electrical control circuit for the engine fuel valve. 
_| This arrangement was similar to the configuration used for a time on the YLR 81-BA-9 
(BAC Model 8096) engine. Also, the modification would be compatible with a develop- 
q ment test effort consistent with accelerated schedule requirements of the Gemini 
. Program. 
om: An evaluation was conducted to select the optimum engine main propellant valves 
~ for the modified engine. This evaluation was based on the four valve configurations 
—a available from the YLR 81-BA-11 and XLR 81-BA-13 engines. The analysis indicated 
a a significant advantage in minimizing oxidizer post flow by using the XLR 81-BA-13 
= engine main oxidizer valve configuration. However, consistent with the philosophy 
to convert the engine to the YLR 81-BA~-11 engine thrust chamber propellant flow 
~ 
— 2-1 
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‘control system, the YLR 81-BA-11 engine (Standard Agena) main propellant valves 
were selected for use on the modified multi-start XLR 81-BA~-13 engine. 


Additional design modifications proposed for the modified engine included a vehicle 
electrical control modification. This modification would maintain electrical power on 
the engine electronic gate relay reset coils during ascent engine operation to disable 
the turbine overspeed shutdown capability during ascent. A shock mounting installation 
was incorporated for the engine electronic gate and the new pressure switch relay 

box installation to reduce the effects of engine operating dynamic environments and 
particularly, vehicle pyrotechnic shock effects on these components. For the pro- 
posed engine configuration, designated LMSC P/N 1461969-7, propellant flow and 
simplified electrical schematic diagrams are presented in Figures 2-1 and 2-2, 
respectively. 


2.2 DESIGN CHANGES DURING REDEVELOPMENT 


Changes from the basic redesign plan described in the preceding paragraph occurred 
as the redevelopment program progressed. The changes are discussed as follows. 


2.2.1 Oxidizer Feed Pressure Switch 


The initial turbine pump assembly development tests with the XLR 81-BA-~-13 engine 


start system indicated oxidizer pump start transient discharge pressure perturbations. 
Pressures were of sufficient magnitude to prematurely actuate the YLR 81-BA-9 
engine configuration oxidizer feed pressure switch (OF PS) which was set to actuate 


at 235 psi. The duration of these pressure pulse OFPS actuations was sufficient to 
energize the pressure switch relay, which has electrical lock-in capability, and thus 
result in premature fuel valve actuation. Consequently, on 23 November 1965 the 
OFPS setting was changed to 391 psi, utilizing the same basic switch configuration. 
The higher OFPS actuation pressure satisfactorily eliminated the premature fuel 
valve actuation condition. This change, however, resulted in the OFPS providing a 
back-up function due to the higher turbine speed required to actuate the switch rather 
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than providing planned redundancy in both time and function. In addition, the oxidizer 
system pressure perturbations produced an OFPS actuation-deactuation chatter condition 
which required additional testing to verify safe and reliable pressure switch operation 
(durability) with the adverse cycle operation during the engine start and shutdown tran- 
sients. After successful verification testing, the OF PS was determined to be satis- 
factory in terms of cyclic fatigue capability and in providing a reliable backup function 

to the oxidizer manifold pressure switch (OMPS). 


2.2.2 Engine Electrical Circuit 


Continuing design evaluation and review activity disclosed that a reduced electrical 
current capability rating of the engine electronic gate relays existed. The relay 

vendor indicated that the revised current rating was significantly below the design 
values required to supply electrical power through the relays to the two gas generator 
solenoid valves and the pilot operated solenoid valve. Consequently, on 3 December 1965 
an electrical control circuit design change was initiated to provide electrical power 

to the gas generator solenoid valves, pressure switch relay box, and pilot operated 
solenoid valve from the vehicle aft safe arm junction box (ASA J-box) as shown in Fig- 
ure 2-3. This modified electrical control circuit deleted the electronic gate from 

the series of components required to start and operate the rocket engine. Consequently, 
by deleting the electronic gate arm power, a positive disable of the turbine overspeed 
shutdown capability was achieved in lieu of the over-ride function originally proposed 
for the ascent burn. During subsequent engine operations on orbit, the arm power is 
applied to the electronic gate via the vehicle ASA J-box, allowing a shutdown signal 

to be sent to the vehicle control circuit in the event of potentially destructive turbine 
overspeed. 


Additional electrical circuitry changes incorporated concurrently with the overspeed 
shutdown disable design change included (1) the addition of inductive spike suppression 
diodes in the vehicle ASA J-Box to suppress spikes from the engine solenoids, (2) 
addition of a post shutdown telemetry capability to monitor pressure switch position, 
(3) incorporation of a separate telemetry ground return for the pressure switch relay 
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box telltale, and (4) addition of the electronic gate switch group to vehicle telemetry. 


The electronic gate design was not changed on the Sure Fire Program. However, 
additional quality control and inspection test requirements were incorporated and new 
(-7) electronic gates in accordance with these more stringent requirements were 
fabricated and tested for the flight engines. The -7 gate used on Vehicle 5003 performed 
satisfactorily on orbit, and the disable circuit functioned properly during ascent. 


2.2.3 Pressure Switch Sensing Tube Assembly 


The oxidizer feed pressure switch installation initially selected for the XLR 81-BA-13 
engine was identical to the design previously used on the YLR 81-BA-9 engine. 
However, the YLR 81-BA-9 engine pressure switch pressure sensing tube assembly 
physically interfered with GATV aft rack hardware during thrust chamber maximum 
gimbal deflections and a tube assembly modification was required. A mockup modified 
tube assembly was fabricated at LMSC on 20 December 1965 and sent to BAC to define 
the OFPS sensing tube assembly design configuration required for the XLR 81-BA-13 
engine. In addition, the oxidizer feed pressure switch installation required relocating 
the oxidizer manifold pressure transducer to a position on the engine oxidizer mani- 
fold line forward of the installation utilized on Vehicle 5002. This transducer instal- 
lation modification reduced the length of the transducer pressure sensing line; how- 
ever, the unsupported length of line remained in excess of standard design limits. 
Dynamic tests were conducted which verified that the tube assembly was capable of 
withstanding the flight dynamic environment and a redesign to decrease unsupported 


line length was considered unnecessary. This configuration performed satisfactorily 
during the nine burns of Vehicle 5003 


2.2.4 Bonding Strap Redesign 
The bonding straps for the pressure switch relay box shock mounting installation 


developed a fatigue failure during development dynamic tests of the relay box. 
Consequently, a design change of the bonding straps was initiated approximately 
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10 January 1966 for the pressure switch relay box and the electronic gate shock mount- 
ing installation. The redesigned straps satisfactorily passed dynamic requirements 


- and demonstrated proper integrity during the formal demonstration tests. 
= 2.3 FINAL ELECTRICAL CONTROL SYSTEM DESIGN (Effects of relay failure and 
* reliability Analysis) 


The initial engine electrical control system and associated vehicle Aft Safe Arm J-Box 
electrical circuit configuration was incorporated into the BAC turbine pump devel- 
opment test cell. An engine electrical control system design review and reliability 
analysis was performed in mid-January utilizing the results of the turbine pump 


7 development tests and relay box failure during development tests (relay failure is 
— discussed later in the report). As discussed in paragraph 2.2.1, the turbine pump 

= test data showed that an adverse pressure environment existed at the OFPS during 
= a typical engine start transient with a potential OF PS microswitch spring fatigue 


failure. Consequently, additional tests were required to demonstrate the switch high- 
frequency cycle durability capability when subjected to this transient pressure environ- 


ment. 


The relay failure was attributed to contamination introduced during fabrication by 


"1 the vendor, Allied Controls. Strict quality control provisions were instituted and 
— new high-reliability relays were obtained for use on the program. Design, data, 
- and reliability analysis results indicated the 'OMPS, OFPS, and lock-in relay" 


configuration for the POSV electrical control provided excessive and potentially 
harmful redundancy. This configuration provided high reliability for applying and 
maintaining electrical power to the pilot operated solenoid valve (POSV), but failure 


mode analysis indicated that power could be applied prematurely to the POSV. Thus, 

4 there was reduced assurance that an oxidizer lead would be obtained and that a reliable 
oy start sequence would always result. 
— Consequently, considering the analysis results, a design change was proposed to 

- eliminate the oxidizer feed pressure switch and utilize a high-reliability OMPS lock-in 
a relay with POSV control circuitry similar to the YLR 81-BA-11 engine configuration. 
- 2-5 
— LOCKHEED MISSILES & SPACE COMPANY 


Le EEE eee ee eee 


LMSC -A818110 


The proposed electrical circuit design change was submitted to the Air Force during 
a design review meeting. Air Force direction was subsequently received o1. 

21 January 1966 to redesign the pressure switch relay box to reduce the POSV elec- 
trical control circuit redundancy by eliminating the lock-in relay. Pending flight- 
worthiness demonstration of the OMPS-OFPS electrical control circuit, shown in 
Figure 2-4, a parallel effort continued on (1) an OFPS disable kit, (2) production 

and acceptance test of two pressure switch relay boxes with the improved relay manu- 
facturing and quality control corrective action requirements established subsequent to 
the development test failure, and (3) pressure switch relay box flightworthiness 
demonstration and elevated stress testing. The pressure switch junction box, shown 
in Figure 2-4, was developed and "qualified by similarity" to the pressure switch relay 
box. Consequently, the relay box flightworthiness demonstration and elevated stress 
testing served a dual purpose. The OMPS, OFPS, and pressure switch junction box 
electrical control circuit as shown in Figure 2-4 was the final design configuration 
which demonstrated successful operation during the subsequent test programs and 
flight of Vehicle 5003. 


2.4 RETROFITS AND KIT FABRICATION 


The shock mounting electrical bonding strap redesign, the OF PS pressure sensing 
tube assembly routing design change, and replacement of the pressure switch relay 
box with the pressure switch junction box resulted in the XLR 81-BA-13 engine 
configuration change from the LMSC P/N 1461969-7 (BAC P/N 8247-475200-11) to 
the LMSC P/N 1461969-9 (BAC P/N 8247-475200-13) engine configuration. These 
design changes for engines 808 and 806 installed on Vehicles 5003 and 5004, respec- 
tively, were incorporated by retrofit at the launch base. Engines 807, 809, and 810 
were delivered (DD-250) in accordance with the LMSC P/N 1461969-9 configuration. 
The pressure switch junction box electrical system was incorporated for the safety 
limits and malfunction test series on the sea level flightworthiness demonstration test 
program, and was utilized during all engine altitude tests at AEDC. 
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The OFPS disable kit and an oxidizer injector pressure transducer installation kit 
were two engine design changes which were not incorporated into the final engine 
design. The Sure Fire program schedule did not allow sufficient time to delay 
oxidizer injector pressure kit design and fabrication until after the dynamic test 
results described in paragraph 2.2.3 were obtained. Therefore, in case the dynamic 
(vibration) tests indicated a requirement, a limited quantity of these kits was designed 
and fabricated to support the initial GATV flights. As indicated earlier, dynamic 

test results deleted the requirement for these kits. 


2.5 FLIGHT CERTIFICATION PHILOSOPHY 


Flightworthiness certification of the XLR-81-BA-13 engine was based on satisfactory 
completion of all tests relating to flightworthiness demonstration (FWD) as called 
out in Project Sure Fire Work Statement, LMSC ECP LH-545-101F R2. The flight- 
worthiness test conditions and levels indicated in the work statement were selected 
as those which would provide adequate demonstration that the engine ignites and 
starts reliably and within specification limits during flight. Both LMSC and the ‘Air 
Force concurred with the test conditions and levels specified in the work statement. 


The POSV J-Box, P/N 8247-472383-7, which is now used on the XLR 81-BA-13 engine, 
was not subjected to component level flightworthiness demonstration tests, however, 
the pressure switch relay box, P/N 8247-472483-1 was successfully subjected to 

such tests. The POSV J-Box was judged to be flightworthy by virtue of its similarity 
to the pressure switch relay box. The two boxes are identical except as follows: 


a. Allied relay, BAC P/N 8081-475026-1, is in the relay box but not in the 
POSV J-Box. 

b. One MIL-SPEC resistor which is not in the relay box has been added to the 
POSV J-Box. 


All flightworthiness tests for the XLR 81-BA-13 engine were conducted in accordance 
with LMSC quality assurance procedures (SSD Procedure Q-106) and BAC quality 
assurance procedures (QP 80.01A). The flightworthiness tests were witnessed on a 
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100 percent basis by BAC inspection and were monitored by LMSC Product Assurance 
and BAC Quality engineers. All test conditions were designed to meet or exceed 
Design Control Specification requirements (LMSC 1414463), and reflect the applicable 
engine environmental philosophy and test conditions required for the Gemini Agena 
Target Vehicle. The BAC failure reporting and evaluation system was utilized through- 
out all testing to assure adequate documentation of all suspected anomalies. 


After review of all test conditions and data by LMSC and BAC personnel, the engine 
was determined to be flightworthy. An abbreviated formal certificate of flightworthi- 
ness was prepared, signed, and transmitted by LMSC Product Assurance prior to 
Vehicle 5003 flight. 


Also, formal certifications by LMSC Sure Fire Engineering were submitted at the 
NASA Design Certification Review Meeting held prior to GATV 5003 flight. 


2.6 PRODUCTION ENGINE MODIFICATIONS, TEST, AND CHANGE HISTORY 


The tabulation below summarizes the original Sure Fire modification to each XLR 
81-BA-13 engine, the configuration of the engine when acceptance tested, and the 
final configuration when flown or at the date of this report. Engines 803, 805, 806, 
807, and 808 were returned to BAC and modified according to the Sure Fire work 
statement. Engines 809 and 810 are new engines which were contracted to be built 


in compliance with the Sure Fire work statement. 


Table 2-1 shows the LMSC engine configuration dash numbers of each production flight 
engine as received at BAC prior to modification, the engine configurations as originally 
modified according to Sure Fire requirements, and the final configuration prior to 
flight. Table 2-2 delineates each of the modifications for each engine and the config- 
uration when acceptance tested and flown. 
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Table 2-1 


ENGINE CONFIGURATIONS 


Initial 
Sure Fire Final Engine 
Before Sure Modification Configuration 
Fire Program (LMSC 1461969) 


LMSC P/N 1461969-5) 
(BAC P/N 8247-475200-7) 


Originally GFE, no 
LMSC part number, 
BAC original P/N 
8247-475200-9 


Originally GFE, no 

LMSC part number, 

BAC original P/N 

8247-475200-9 | 


New engine 


New engine 


*The -7 engine changes are indicated in the Modifications Summary under Initial 
Sure Fire Modifications for Engine 808 and include the Electronic Gate P/N 8247- 
472283-7 which replaced gate P/N 8247-472283-5, 

**The -9 engines differ from the -7 engine in that: 


(a) POSV Relay Box P/N 8247-472-483-1 was replaced with POSV J-Box 
P/N 8247-472383-7. 

(b) The pressure sensing tubing from the oxidizer valve to the oxidizer 
feed pressure switch was modified to conform to vehicle envelope 
requirements. 

(c) Redesigned bonding straps for the pressure switch J-Box and electronic 
gate shock mounting installation were incorporated on the 1461969-9 
engine configuration. 
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PRODUCTION ENGINE MODIFICATION, TEST, AND CHANGE SUMMARY 


Engine 808, BAC P/N 8247-475200-9, No LMSC P/N 


Initial Sure Fire Acceptance Test Final Flight or FWD 
Modifications Configuration Test Configuration 


SAME AS AT DD-250 
EXCEPT: 

Test cable used instead 
of cable assy. 8247- 
475481-1 (See Note 1.) 


MODIFIED TO LMSC 
1461969-7 

Added ox manifold pres- 
sure switch. 

Added ox feed press. sw. 

Added POSV relay box. 

New Engine Cable Assy. 
P/N 8247-475481-1. 
scheduled but not added. 

Added tubing and connect 
ox feed press sw. 

Electronic gate -7 
scheduled but not added. 

Added shock mounts on 
relay box and 
electronic gate. 

Added bonding straps to 
relay box and 
electronic gate. 

Replaced 8247 main fuel 
valve with 8096 main 
fuel valve. 

Replaced 8247 main ox 
valve with 8096 main 
ox valve. 


with elect. gate -5. 


Engine 805, BAC P/N 8247-475200-7, LMSC P/N 1461969-5 


MODIFIED TO LMSC SAME AS AT DD-250 


1461969-7 EXCEPT: 
Same changes as for Test cable used instead 
engine 808. of cable assy. 8247- 


New engine cable assy. 475481-1. 
P/N 8247-475481-1 
scheduled but not 
installed. 

Elect. gate -7 scheduled 


but not installed. 


with elect. gate -5. 
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Acceptance test conducted 


Acceptance test conducted | Cable assy. P/N 8247- 
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MODIFIED TO LMSC 
1461969-9 

POSV relay box P/N 
8247-472483-1 replaced 
with POSV J-Box P/N 
8247-472383-7. 

Cable assy. P/N 8247- 
475481-1 installed. 

Tubing to ox feed press. 
switch modified for 
clearance purposes 

Elect. Gate -7 installed 
on engine 

Changed bonding straps 
on POSV J-Box and elect. 


gate. 


ee 


AEDC TEST CONFIGURATION 
POSV relay box P/N 8247- 
472483-1 replaced with 
POSV J-Box P/N 8247- 
472383-1. (See Note 2.) 


475481-1 installed. Later 
modified to allow OMPS 
and OF PS monitoring 
simultaneously. 

Tests performed using elect. 
gate -5. 
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Table 2-2 (Cont. ) 


Engine 803, BAC P/N 8247-475200-7, LMSC P/N 1461969-5 
Initial Sure Fire Acceptance Test Final Flight or FWD 
Modifications Configuration Test Configuration 


MODIFIED TO LMSC SAME AS AT DD-250 BAC AND AEDC TEST 
1461969-7 EXCEPT: CONFIGURATION 
Same changes as for Test cable used instead POSV relay box P/N 8247- 
engine 808. of cable assy. 8247- 472481-1 installed for part 
New engine cable assy. 475481-1. (See Note 1.) of BAC FWD tests. 
P/N 8247-475481-1 Prior to acceptance test POSV J-Box P/N 8247- 
scheduled but not on 23 December 1965. 472383-7 installed for 
installed. remainder of BAC FWD 
Elect. gate -7 scheduled Acceptance test conducted | tests and AEDC tests. 
but not installed. with elect. gate -5. Cable assy. P/N 8247- 
475481-1 installed. 
Tests performed using 
elect. gate -5. 
Thrust Chamber 8247- 
470001-3 replaced with 
Std. Agena Thrust 
Chamber, 8096-470001-21, 
S/N 567 for AEDC tests. 


Engine 806, BAC P/N 8247-475200-7, LMSC P/N 1461969-5 


MODIFIED TO LMSC SAME AS AT DD-250 MODIFIED TO LMSC 

1461969-7 EXCEPT: 1461969-9 
Same changes as for Test cable used instead Same changes as 

engine 808. of cable assy. 8247- for engine 808. 
New engine cable assy. 475481. 

P/N 8247-475481-1 Acceptance test on 

scheduled but not 30 December 1965 

installed. Acceptance test con- 
Elect. gate -7 scheduled ducted with electronic 

but not installed. gate -5 
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Table 2-2 (Cont. ) 


Engine 807, BAC P/N 8247-475200-9, No LMSC P/N 
Initial Sure Fire Acceptance Test Final Flight or FWD 
Modifications Configuration Test Configuration 


MODIFIED TO LMSC SAME AS AT DD-250 Elec. gate -7 installed on 
1461969-9 EXCEPT: engine. 

Added ox manifold press. 
switch. 

Added ox feed press. sw. 

Added POSV J-Box P/N 
8247-472383-7. 

Added new cable assy. 
P/N 8247-475481-1. 

Pressure sensing tubing 
to ox feed press. sw. 
modified to fit within 
required engine 
envelope. 

Elect. gate -7 scheduled 
but not installed. 

Added shock mounts for 
POSV J-Box and Elect. 
Gate. 

Added modified bonding 

straps on POSV J-Box 

and elect. gate 


Acceptance test conducted 
with electronic gate -7 
(S/N 24). After 
acceptance tests gate 
removed from engine 
807 for installation on 
engine 808. Engine 

807 was shipped 
without a -7 gate. 


Replaced 8247 main fuel 
valve with 8096 main 
fuel valve. 

Replaced 8247 main ox 
valve with 8096 main 
ox valve. 


Engine 809, New Engine 


MANUFACTURED AS LMSC] SAME AS AT DD-250 EXPECTED TO BE SAME 
1461969-9 (P/N 1461969-9) AS DD-250. 
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Table 2-2 (Cont. ) 


Engine 810, New Engine 
Initial Sure Fire Acceptance Test Final Flight or Fwd 
Modifications Configuration Test Configuration 


Manufactured as Same as DD-250 EXPECTED TO BE SAME 
LMSC 1461969-y (P/N 1461969-9) AS AT DD-250. 


NOTES: 


(1) Acceptance tested with P/N 8247-475291-1 engine electrical harness (test cable). 
Test configuration provided electrical power to GG solenoid valves and POSV, 
including relay box through electronic gate in lieu of direct power from simulated 
vehicle aft safe arm J-Box. Test cable required pending test cell modification 
to incorporate simulated ASA J-Box. 

(2) Junction box installed at AEDC with additional engine configuration changes 
required for test (reference paragraph 7. 4). 
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Section 3 
MODIFIED ENGINE START AND SHUTDOWN SEQUENCE 


3.1 START SEQUENCE 


The start sequence of the modified engine final configuration is shown graphically 
in Figure 3-1 and summarized in the following discussion. The summary makes 
reference to the electrical and propellant flow schematics shown in Figures 2-4 


and 2-1, respectively 


The engine start sequence is initiated by a vehicle electrical command signal to 


energize the K1, K2, K5, and K6 relays of the vehicle aft safe arm junction box 


(ASA J-Box). For on-orbit operations, electrical arm power is applied to the elec- 


| tronic gate at the same time power is applied to K-1, K-2, K-5, and K-6 and is 
maintained throughout engine operation until shutdown. Prior to the command signal 
7 to K-1, K-2, K-5, and K-6, an electrical pulse is applied to the electronic gate relay 
_ reset coils via the vehicle ASA J-box electrical pulse circuit to ensure that the elec- 
> tronic gate is in the engine operate mode. 
= 
a When the ASA J-Box relays K1, K2, K5, and K6 are energized, electrical power is 
= applied to the engine gas generator solenoid valves and the engine pressure switch 
junction box to the two pressure switches. The fuel and oxidizer gas generator 
| solenoid valves open and propellants from the start tanks, under initial pressure of 
Y approximately 1000 psi, flow through the respective cavitating venturis to the gas 
? generator. Hypergolic ignition initiates gas generator operation when the oxidizer 
~ enters the combustion chamber and impinges on the previously established fuel flow. 
+ The start tanks continue to supply propellants to the gas generator at gradually de- 
—~ creasing pressure until ''boot strap" turbine speed is achieved. The gas generator 
pe combustion products drive a single-stage turbine rotor, accelerating the propellant 
= 
. 3-1 
% 
= 


LOCKHEED MISSILES & SPACE COMPANY 
EE —E———oooooOOOOeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e.g 


LMSC -A818110 


pumps through a gear box drive system. As the turbine speed increases, the propel- 
lant pump discharge pressures increase, and the main oxidizer valve opens at an 
oxidizer pump discharge pressure of approximately 130 psi and approximately 0.4 
seconds after initiating the engine start sequence. During the ascent or first burn 
start, an engine oxidizer frangible disc ruptures at an oxidizer pump discharge 
pressure of approximately 180 psi. The turbine continues to accelerate as the oxidi- 
zer then flows through the oxidizer valve and thrust chamber regenative cooling 
passages. Also during the first-burn start, the fuel frangible disc ruptures at a 

fuel pump discharge pressure of approximately 550 psi. 


Approximately 0.7 to 0.8 seconds after initiating the engine start sequence, boot 

strap turbine speed is obtained and the increasing propellant pump discharge pressures 
initiate propellant pump flow to the gas generator and recharge of the start tanks to 

the rated pressure for subsequent engine starts. 


At approximately 0.85 seconds, the oxidizer pump discharge pressure at the oxidizer 
valve is sufficient, with the corresponding normal pressure perturbations, to cause 
momentary actuation of the oxidizer feed pressure switch (OFPS). At approximately 
0.9 seconds, the thrust chamber regenerative cooling passages, oxidizer injector 
manifold, and oxidizer manifold pressure switch (OMPS) sensing line have been 
filled and the OMPS actuates, supplying electrical power to the pilot operated sole- 
noid valve (POSV) via the pressure switch junction box. The oxidizer preflow into 
the thrust chamber combustion chamber at the time the OMPS actuates is about 2.0 
pounds due to the time required to complete the OMPS pressure switch sensing line 
fill subsequent to establishing injector oxidizer manifold pressure. 


The POSV is energized and closes, terminating fuel flow through the fuel valve 
actuation pressure and balance pressure return circuit to the fuel pump inlet. 
Terminating the fuel valve actuation pressure flow allows the actuation pressure to 
increase in the fuel valve actuation cavity and open the fuel valve. Approximately 
10 milliseconds after the fuel valve starts to open, fuel flow into the thrust chamber 
combustion chamber is initiated through the four center fuel orifices of the injector 
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and impingement on the previously established oxidizer flow is initiated. Approxi- 
mately 40 milliseconds later, the fuel injector manifold is filled and flow is established 
through the remaining fuel injector orifices. The thrust chamber combustion process 
is initiated by hypergolic reaction of the fuel (UDMH) and oxidizer (IRFNA). A 

nominal 6.0 to 7.0 pounds of oxidizer preflow occurs prior to filling the fuel injector 
manifold, after which thrust chamber ignition and thrust buildup occurs. 


The thrust chamber combustion pressure results in a pressure increase at the OFPS | 
sufficient to achieve positive actuation of the switch, which then terminates the | 
chatter operation and completes the backup function to provide electrical power to the 
POSV. In the event of an OMPS fail-to-actuate malfunction, the turbine speed will 
continue to increase with a corresponding increase in pressure at the OFPS. Approxi- 
mately 0.120 seconds after the nominal OMPS actuation time, the OFPS will actuate | 
sufficiently to energize the POSV and initiate a thrust chamber operating sequence | 
similar to that described above for the normal OMPS operation. An additional 4 to 6 
pounds oxidizer preflow results from an OF PS-controlled start due to the additional 

time required to achieve the higher turbine speed. 


3.2 SHUTDOWN SEQUENCE 


Engine shutdown is accomplished by applying electrical power to the shutdown coils 

of ASA J-Box relays K1 and K2, thereby removing electrical power from the engine 
solenoid valves. The POSV opens, venting the fuel valve actuation pressure and 
allowing the fuel valve to close under spring and hydraulic load within 25 to 30 milli- 
seconds, thus terminating fuel flow and consequently thrust chamber combustion. 

The direct-acting oxidizer and fuel gas generator solenoid valves close approximately 
110 and 160 milliseconds, respectively, after removing electrical power. Gas 
generator solenoid valve closing terminates propellant flow to the gas generator, 
resulting in turbine speed decay. Approximately 1.5 to 2.0 seconds after the shutdown 
signal, turbine speed and corresponding oxidizer pump discharge pressure decay 
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sufficiently to allow the main oxidizer valve to close under spring load, terminating 
oxidizer post flow at approximately 29 pounds. In the event of a turbine overspeed 
greater than 29,500 rpm during engine operation with the electronic gate in the armed 
condition, the electronic gate relays are energized and send an electrical signal to 
the shutdown coils of the ASA J-Box relays K1 and K2, resulting in engine shutdown | 
as described above. 
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Section 4 
TEST SCHEDULES AND CHRONOLOGY 


4.1 TEST SCHEDULES 


The testing effort directed toward evaluating and gaining confidence in the operation of 
the modified engine and its components commanded urgency and high priority. Full 
flightworthiness demonstration of the modified engine configuration was required, 
including both sea level and simulated altitude tests, prior to the flight of Vehicle 5003. 
To accomplish these objectives, top priorities were established with Air Force and 
NASA, at LMSC, BAC, Arnold Center and as required at other subcontractors, vendors, 
and commercial and military transportation facilities. 


4.2 TEST CATEGORIES 


For purposes of presentation and reference, the various phases of testing have been 
grouped into several broad categories. Test categories and the corresponding section 
within this report where test details are contained are as follows: 


Component and Subassembly Development Testing (Section 5) 
Sea Level Flightworthiness Testing (Section 6) 

Simulated Altitude Flightworthiness Testing (Section 7) 
Investigation of Failures and Discrepancies (Section 8) 
Special Development Tests (Section 9) 


4.3 TEST CHRONOLOGY (See Table 4-1.) 

4.3.1 Component and Subassembly Development Testing 

These tests were conducted at the Bell Aerosystems Company in Niagara Falls, New 
York and included the turbine pump assembly, the gas generator start system, the 


electronic gate, and the pressure switch relay box. 
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Early in November 1965, test cell preparations were begun and the turbine pump 
assembly test series commenced on 12 November 1965. Initial planning indicated 
that a total of 61 starts would be required and that the program would be completed 
approximately 22 December 1965. As the program progressed it was found neces- 
sary to extend the testing to evaluate observed results and to ensure that sufficient 
data existed to affirm the durability and effectiveness of all components. This 
resulted in a total of 75 tests and a test series completion date of 9 March 1966. 


Gas generator start system tests were initiated on 20 November 1965 and 30 tests 
were planned to comprise the series with completion scheduled for approximately 
16 February 1966. As with the turbine pump testing, the results of the program 
dictated some additional testing with added, high response instrumentation. A 
resultant schedule extension occurred and a final total of 37 tests were concluded 
on 12 March 1966. 


The electronic gate, POSV relay box, and engine electrical harness were subjected 


to elevated stress testing during the period January to March and the pressure switch 


relay box development tests were conducted during the period December 1965 to 
January 1966. 


4.3.2 Sea Level Flightworthiness Demonstration Tests 


This program was composed of three segments. One dealt with the component level 
pressure switch relay box qualification tests. The second portion covered the shock 
and vibration testing of the modified engine configuration, and a series of complete 
engine assembly test firings comprised the third segment. These activities were 
performed at the Bell Aerosystems Company utilizing engine XRM-4 (a non-fireable 


mass and center-of-gravity simulator) for the shock and vibration tests and engine 803 


(which had been removed from Vehicle 5001 and modified) for the test firing series. 
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The pressure switch relay box FWD tests were initiated in January 1966 and success- 
fully completed in February 1966. The test span for engine XRM-4 was planned 

for the period from 1 January to 15 January 1966; however, some hardware shortages 
and changes in instrumentation requirements resulted in delaying the start of testing 
until 22 January 1966. Completion of XRM-4 testing was achieved 7 February 

1966. | 


Firings of engine 803 were planned to begin on 15 January 1966 and consisted of 43 
starts in addition to the 5 required for acceptance after modification. Tests were to 
be completed by approximately 25 February 1966. Testing began essentially on 
schedule and continued until the test series was terminated on 14 February 1966 with 
three tests of the malfunction group remaining. This termination was dictated by the 
necessity to utilize engine 803 for simulated altitude testing at AEDC following the 
hard start of engine 805. 


4.3.3 Simulated Altitude Flightworthiness Testing 


Altitude testing of the XLR 81-BA-13 engine as modified under project Sure Fire was 
performed in test cell J2-A of the Rocket Test Facility at the Arnold Engineering Develop- 
ment Center, Arnold Air Force Station, Tennessee. This program, calling for a mini- 
mum simulated altitude of 250,000 feet, was planned to be accomplished in three phases: 
Phase I — Ignition Confidence tests, Phase II — Mission Simulation, and Phase III — 
Malfunction tests. 


The schedule for this test activity was as follows: test cell occupancy on 8 December 
1965, checkout tests on 21 February, Phase Ifrom 1 March to 5 March 1966, Phase II 
from 12 March to 16 March 1966, Phase III from 29 March to 2 April 1966, and test 
cell occupancy terminated by 8 April 1966. 


The cell was occupied on schedule and the preparation of the facility systems together 
with the installation and instrumentation of the engine were accomplished on an accelerated 
basis. This resulted in being ready for checkout tests on 7 February 1966, a schedule 


LOCKHEED MISSILES & SPACE COMPANY 


LMSC-A818110 


improvement of two weeks. Further schedule compression was planned by combining 
the checkout tests with Phase I, and testing was begun accordingly. Six tests were 
completed successfully; however, on the seventh test, a "hard start,"' subsequently 
attributed to water and alcohol contamination of the fuel system, resulted in failure 


of engine 805 on 12 February 1966. 


As a result of this failure, engine 803 was released from the sea level flightworthiness 
demonstration test, refurbished, and delivered to AEDC. Engine 803 was installed on 
18 February and testing was resumed on 1 March 1966. 


In order to recover the schedule time lost as a result of engine 805 failure, the balance 
of Phase I was modified and combined with Phase Il. These combined tests, 22 in 
number, were completed on 4 March 1966. Following this series of tests the engine 
and systems were cleaned, functional tests of the engine were conducted, and refur- 
bishment and/or replacement of certain components was accomplished. The Phase III 
tests were redefined in the light of data from the earlier tests and testing for this final 
phase was begun on 28 March 1966. After two tests were completed, instrumentation 
difficulties were noted which required two days of down time for corrective action. 
Following this, the series was resumed on 30 March. On 1 April a predicted hard 
start occurred during a fuel lead test causing engine damage, including rupture of the 


oxidizer line between the main oxidizer valve and the thrust chamber oxidizer inlet manifold. 


This was the sixteenth test of the Phase III series of 22 and marked the conclusion of 


the program. Removal of the engine and cleanup of the facility was achieved by 8 April, 


meeting the original schedule established in November 1965. 
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Section 5 
COMPONENT AND SUBASSEMBLY DEVELOPMENT TESTING 


5.1 OVERALL OBJECTIVES 


Development testing was conducted at the Bell Aerosystems Company facilities to 
evaluate certain of the GATV primary propulsion system components. The tests were 
generally to provide confidence in the design, demonstrate reliability under operational 
conditions, indicate failure levels in overstress, and to compare modified engine 
component characteristics with those of the proven YLR 81-BA-11 engine. 


The discussion and data provided in this section covers testing conducted for the 
following components, subassemblies, or related development: 


Pressure Switch Relay Box/Junction Box Development 
Elevated Stress Test Program 

Turbine Pump Test Program 

Start System Test Program 

Special Instrumentation Tests 

Oxidizer Feed Pressure Switch Durability Tests 
Pressure Switch Vacuum Tests 


5.2 PRESSURE SWITCH RELAY BOX/JUNCTION BOX DEVELOPMENT 

5.2.1 Design History 

The design modifications proposed for the XLR 81-BA-13 engine required a control 
circuit change to use two pressure switches and a lock-in relay. To minimize the 


required design changes, a new package was developed rather than including the 
additional circuitry in the existing XLR 81-BA-13 engine electronic gate. In 
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November 1965, BAC started design of a new engine control package designated the 
pressure switch relay box (PSRB). The PSRB incorporated a lock-in relay, teleme- 
try status network, pilot operated solenoid valve EMI suppression, and interconnect 
wiring for connecting the pressure switches and relay into the engine harness. 


On 3 December 1965 changes were made in the engine control circuit involving the 
use of the electronic gate which required a new engine harness. Analysis of early 
engine operation had indicated a bias on the telemetry (TM) signals caused by the 
high engine-current levels in the common power and TM ground return wiring. To 
eliminate this bias in the PSRB TM data, a separate TM system ground return was 
included in the new harness and the PSRB was changed to provide a floating TM 
output. A schematic diagram of the PSRB is shown in Fig. 5-la. 


On 27 December 1965 the PSRB failed during development testing when the relay 
remained transferred after electrical power was removed. Development testing was 
continued on the PSRB (-1), however, during investigation of the relay failure. The 
-1 PSRB was in final development test when on 21 January 1966, Air Force direction 
to eliminate the relay was received. Relay elimination required a redesign of the 
PSRB at a point in the program schedule when two flight engines had been shipped to 
LMSC, the BAC sea level testing was underway, and the AEDC altitude testing was 
two weeks away from first firing. To avoid complete redesign of the PSRB, BAC 
was directed to utilize the PSRB design, eliminating only the relay (Fig. 5-1b). 
Internal and external structure was unchanged to enable use of already fabricated 
subassemblies and to simplify vehicle and test engine retrofit. 


Figure 5-2 shows the internal configuration differences of the PSRB and the new 
pressure switch junction box (PSJB). It was necessary to have the first of the new 
PSJB units ready by 23 January for shipment to AEDC for use in the altitude testing 
program. One PSJB unit, identified as BAC P/N 8247-472383-1, was assembled and 


tested on 23 January and shipped to AEDC on schedule. At the same time, the effects 


of the PSRB redesign were being reviewed at LMSC. From the design evaluation 
undertaken and the turbine pump and sea level FWD engine tests, it was concluded 
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that a knowledge of the operation of the oxidizer feed pressure switch (OF PS) and 
oxidizer manifold pressure switch (OMPS) was important in analyzing and verifying 
a proper engine start transient sequence. The TM network in the original PSRB 
did not distinguish between the operation of the OMPS and OF PS as shown in Figure 
5-3. BAC was directed to include another TM network resistor which would dis- 
tinguish between the individual actions of the two switches. 


The TM network addition could not be incorporated in the first PSJB (-1) under assem- 
bly at that time for the AEDC test program. Resistance values were chosen and 
fabrication of a -7 design, Figure 5-lc, began on 26 January for PSJB units to retrofit 
the flight vehicle at the launch facility. The -1 PSJB sent to AEDC was used for the 
first seven altitude tests. When engine 803 was delivered to AEDC for the balance of 
the test program, the -7 PSJB was used. 


It was recognized during analysis of the PSRB redesign, that the results of the test 
programs then underway might dictate a return to the lock-in relay design. Therefore, 
a new PSRB (-9) was designed using a high-reliability -3 relay. The -9 PSRB was 
identical in all respects with the -1 PSRB except for the controlled-quality relay. 

Two of these PSRB units, BAC P/N 8247-472383-9, were assembled and readied for 


use if the design requiring the lock-in relay concept became necessary. 


No further design changes were made in either the PSRB or PSJB. The final flight 
configuration engine control system utilized the -7 pressure switch junction box. 


In summary, four distinct pressure switch relay box/junction box configurations were 
designed and built: 
Relay box (-1), original relay design (Figure 5-1a) 
Junction box (-1), original J-box design with 3-level TM readout (Figure 
5-1b) | 
Junction box (-7), 4-level TM readout (Figure 5-1c) 
Relay box (-9), 3-level TM readout with high-reliability relay (Figure 5-1a) 
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All four designs used the same structural assembly, same production techniques, 
and same electrical components and wiring, except for the relay and TM resistor 
in the -9 and -7 configurations respectively. Development tests and subsequent 
component FWD and elevated stress tests were conducted using the -1 configuration 
pressure switch relay box. 


5.2.2 Development Testing 


The pressure switch relay box development tests provided design engineering evalua- 
tion prior to assembly of production units for qualification and flight use. The tests 
were conducted at the BAC facilities from 23 December 1965 through 14 January 1966. 
Test particulars are shown in Table 5-1. 


Test Configuration. Two 8247-472483-1 relay boxes were used. The test configura- 
tion was identical to that used for the FWD component level tests (Section6). The 
relay boxes tested were the first units produced and were considered to be represen- 
tative of manufacturing and inspection practices which would be employed for flight 


production units. 


Test Results. During vibration testing of the first relay box, the relay stuck in the 
energized position when the power was removed. Testing of the failed unit was sus- 
pended and an analysis was conducted to determine the cause of the failure (Section8). 


The analysis disclosed that the conditions under which the relays were assembled were 


not sufficiently controlled to prevent contamination of the relay mechanism; the most 
probable cause of failure. The problem did not recur during subsequent testing of a 


second -1 relay box. 


During vibration testing of the second -1 relay box, the bonding straps utilized on 
the shock mounts failed. The straps were redesigned using a larger bend radius 
to reduce stress. No problems were encountered during subsequent qualification 


testing (Section 6) with the new strap design. 


Conclusions. Two problems (stuck relay and failed bonding straps) were encountered 
during development testing of the PSRB. Design changes provided correction of these 
problems as demonstrated by subsequent component FWD and elevated stress testing. 
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Fig. 5-1 Relay Box/Junction Box Circuit Diagrams 
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FIRST SECOND PIV PIV 
SWITCH SWITCH CLOSE CLOSE 
FIRE OPERATES OPERATES SHUTDOWN ON OFF 


ENGINE EVENT 
SEQUENCE 


OFPS ONLY TRANSFERRED 


SWITCH STATUS 
CHECK LEVEL 


BOTH SWITCHES 
TRANSFERRED 


OMPS ONLY TRANSFERRE 


T/M OUTPUT VOLTAGE 


JUNCTION BOX T/M OUTPUT SEQUENCE | 


NOTE; LEVELS SHOWN FOR NOMINAL 28 VDC INPUT. ORIGINAL RELAY BOX LEVELS DO NOT 
IDENTIFY SEQUENCE OF OFPS/OMPS OPERATION. JUNCTION BOX HAS DISTINCT LEVELS 
FOR OFPS/OMPS SEQUENCE. 


Fig. 5-3 Relay Box/Junction Box Telemetry Levels 
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5.3 ELEVATED STRESS TEST PROGRAM 


The basic objective of the elevated stress test program was to determine the opera- 
tional limits of specific engine electrical control system components under various 
conditions of environmental and operational overstress. Secondary objectives were 
to evaluate component degradation as stress levels increased and to identify the 
failure cause should a component fail at a stress level less than the established test 
limits. The test program included three primary engine electrical components: 
electronic gate, relay box, and engine harness. All testing was conducted at BAC 
between 31 January 1965 and 10 March 1966. 


5.3.1 Failure Prediction Analysis 


To determine the optimum test program, a failure prediction analysis was first under- 
taken prior to actual testing. The purpose of the analysis included the following 


requirements: 


e Selection of optimum test environments and levels 
e Selection of the most susceptible component operating mode for each 
environment 


e Selection of the optimum test sequence 


LMSC 1414463, the Model Specification for the XLR 81-BA-13 Engine, and LMSC 
6117D, General Environmental Specification for Equipment of the Agena and Associa- 
ted Payload, were used to determine the environmental conditions that would reflect 
actual service usage. The relative sensitivity of the components to the various environ- 
mental conditions, and to the vehicle interface conditions, was assessed to determine 
which of the environments and interface conditions presented the most severe test of 
component design margins. A summary of the analysis and the test conditions 


selected for the elevated stress test program are shown in Table 5-2. 
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The failure prediction analysis provided a technical base for determining the combi- 
nation of environmental stress and operating conditions which would best demonstrate 
the operational limit and margin of the component on a worst-on-worst basis. The 
analysis resulted in reduced testing requirements and increased significance of 
results, both of which were considered critical under the accelerated Sure Fire 


schedule. 
5.3.2 Test Plan 


The test program was conducted utilizing a special functional test procedure designed 
for each component. The special functional test procedure for the electronic gate is 
shown in Table 5-3. These tests were performed each time the functional test was 
called out in the stress testing sequence and all data were recorded. Special functional 
tests comparable to those in Table 5-3 were also designed for the relay box and engine 
harness. Test environments and conditions for the electronic gate and relay box are 
shown in Table 5-4; for the engine harness in Table 5-5. A typical sequence of testing, 
using the special functional test, is shown in Figure 5-4. This sequence is typical 

for the overall shock and vibration test program. For the temperature tests, a unit 

to be tested was stabilized at each temperature and the special functional test then 
performed. For the voltage tests, the supply voltage was first set to the stress level 


requirement and then the special functional test was performed. 


The special functional test was scheduled for performance over 75 times under as 
many as 12 levels of 4 different environments for each component. Through the 

use of the special functional test, the performance of the unit would be accurately 
compared as it was sequentially subjected to increased levels of test. Degradation 

of the unit performance as stress increased would thus be measured and quantitatively 


assessed. 
All test components used were assembled under normal manufacturing conditions, 
subjected to standard inspection, and acceptance tested. Flight-type shock mounts 


were used during the testing and all test harnesses were assembled from flight-type 
material. 
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Fig. 5-4 Typical Overstress Test Sequence 
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Distinction between failure and out-of-specification operation was made in the ele- 
vated stress test plan and procedures. The basic intent of the elevated stress testing 
was to determine the operational limit of the component under conditions of stress in 
excess of the specification limits. Therefore, the primary definition of operational 
limit was that point at which the unit was incapable of performing its intended function 
without regard to specification values for operating parameters. For the electronic 
gate, the ability to at least trip and reset regardless of the level of input/output 
conditions was considered as meeting its intended function. For the relay box, the 
ability to at least latch and unlatch the lock-in relay regardless of level of input/ 
output conditions was considered as meeting its intended function. For the engine 
harness, the ability to maintain continuity of operating circuits, i.e., the non- 
telemetry wiring, was considered as meeting its intended function. A secondary 
objective was to determine degradation of the components under test. This was 
defined as the area of operation in which the unit met the above defined intended func- 
tion but would not demonstrate complete compliance with specification requirements. 
In addition, if the unit did not meet its intended function under elevated stress condi- 
tions but did so under nominal conditions, it was considered operable and testing at 
the same elevated stress or at a reduced level of stress was conducted to determine 
the repeatability of the failure. If, however, the unit failed to meet its intended 
function under nominal conditions after having failed under stress, the unit was 


considered permanently inoperable and testing was terminated. 


5.3.3 Test Results 


The summary of test results (Table 5-6) is presented in terms of the major factors 
defined in paragraph 5.3.2: (1) overstress range wherein the component met its 
intended function, (2) overstress range wherein the component demonstrated opera- 
tion within specification, and (3) overstress limit at which the component became 
permanently inoperable. The operating conditions and associated ranges and limits 


for each component tested are discussed below. 
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Electronic Gate. The functional limit of the electronic gate was reached prior to 
achieving the planned upper test temperature limit of +400°F. At temperatures 
above +280°F the gate would not reset reliably. Below -40°F and above +200°F, 

the lower trip frequency and trip bandwidth were out of specification limits. The 
low-voltage test requirement was to determine the minimum voltage at which the 
gate would operate. This limit was reached at 13 VDC at which voltage the gate 
would not trip. Below 17 VDC the trip bandwidth was out of specification. The gate 
operated within specification to the upper test limit of 32 VDC which was imposed 
because the 32-volt zener diodes would fail in a predictable manner at higher vol- 
tages. No limits on duty cycle or shock were found within the test ranges of 20 days 
duty cycle and 160 g’s shock. 


Relay Box. The functional limit of the relay box was reached upon achieving the upper 
test temperature of +400°F. At this temperature, an internal solder joint at the 
connector melted and resulted in an open circuit at the +28V input. Disassembly of the 
relay box showed a general condition of melting and recrystallization of the solder 
joints throughout the unit. At temperatures above +320°F, the relay would not operate 
reliably at the specification minimum voltage of 19.5 VDC. Operation downward to 
-80° F remained within specification. Below a voltage of 12.8 VDC the relay would not 
operate; however, the box operated from 12.8V to the test limit of 42.5 VDC and 
performed within specification throughout. No limits on vibration or shock were 


found within the test limits of 37.5 g (RMS) random vibration and 160 g's shock. 


Engine Harness. Inspection of the engine harness following the +400° F temperature 
test disclosed general solder melting and recrystallization, however, no open circuits 
or shorts occurred during the testing. ‘Leakage current was less than 500 microamps 
in all tests performed and insulation resistance was greater than 100, 000 megohms 

in all tests except for the high temperature tests wherein the lowest reading was in 


excess of 100 megohms. 
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5.3.4 Conclusions 


The electronic gate demonstrated operation in accordance with specification 
requirements within the range of +40°F beyond specification requirements and 
functional capability within the range of -80 to +120° F beyond specification require- 
ments. The gate demonstrated operation in accordance with specification requirements 
within the range of +2 volts beyond specification requirements and -5, +2 volts beyond 
specification requirements before functional capability was lost. The gate withstood 
shock levels four times the qualification level and operated at the temperature 
extremes with electrical power applied for four times the nominal mission life. Based 
on the above results, the electronic gate exhibits adequate design and operational 
margins for the planned Gemini missions. 


The relay box and electrical harness demonstrated operation in accordance with 
specification requirements at temperature and voltage extremes greater than the 
electronic gate. Consequently the relay box and harness have design and operational 
margins at least consistent with the electronic gate, and are more than adequately 
designed for the planned Gemini missions. 


5-15 


LOCKHEED MISSILES & SPACE COMPANY 


10 


11 


12 


Acceleration 
Acoustic 
Excitation 


Corrosive 
Atmosphere 


Explosive 
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Shock 
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Table 5-2 


ANALYSIS OF TEST CONDITIONS 


al rad ee 


Stress negligible compared to shock and 
vibration. 


Adequately demonstrated in numerous 
ground and flight engine firings. 


Same as item 2 
Adequately demonstrated in production 
and qualification testing. 


Not applicable, as cited in paragraph 
1.4b and 4.10.3 of LMSC 6117D. 


Adequately demonstrated in production 
and qualification testing. 


Excluded from elevated stress testing. 
Tests conducted by LMSC at Santa Cruz 
Test Base. 


Adequately demonstrated in flight (C. F. 
paragraph 4.10.13 of LMSC 6117D). 


Rain applies only to unsheltered equipment. 


Units are encapsulated. (C. F. paragraph 
4.10.6 of LMSC 6117D and USCN 2R1 page 
18 of LMSC 6117D). 


Not applicable, as the only moving parts 
are relays which are hermetically sealed. 


Units possibly subject to adverse effects 
at elevated stress levels. 


Same as item 11 
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Table 5-2 (Cont.) 


Environment Analysis 


Arcing or corona is not a problem i 
in hermetically sealed relays. Voltage 
levels are low in harness. Encapsula- 
tion and potting materials adequately 

demonstrated in vacuum. | 


Vibration Same as item 11 X fl 


Voltage Same as item 11 : 
Levels 


Load Load currents are 10 to 50 times less 

Currents than the individual piece part ratings of 
components directly connected to or 
through the interface (relays, connec- 
tors, etc.). 


Mounting Subject to adverse effects under 
and dynamic loads. Shock and vibration 
Structure testing (items 11 and 14 above) will be 

conducted with flight mounting and 

cable installation. 


Duty Cycle Duty cycle of vehicle configuration could 
exceed original design considerations for 
Electronic Gate. 
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5.4° TURBINE PUMP TEST PROGRAM 


Tests were conducted to determine turbopump and electrical control hardware start 
transient operation and performance characteristics. These tests were under sea 
level conditions and included the YLR 81-BA-11 engine 1uel and oxidizer valve con- 
figurations proposed for the modified XLR 81-BA-13 engine. The tests were also 
to provide a basis for predicting engine operating characteristics at sea level and 
at altitude. Specific objectives were as follows: 


e Determine the effects of engine modification on the start system operating 
characteristics including the effect of the LMSC redesigned vehicle aft 
safe-arm J-box (ASA J-box). 

e Determine the modified engine start transient characteristics over the 
required range of operating temperatures and start tank pressures. 

® Verify acceptability of main propellant valve selection. 

e Establish preliminary transient performance values for preflow and 
postflow, start tank recharge time, and predicted time to 75 percent 
rated thrust for the modified engine configuration. 

e@ Determine and evaluate the modified engine operating and transient 
performance characteristics under various imposed malfunction 
conditions. 

e@ Determine the pressure pulse damping effect of a snubbing orifice in 
the oxidizer feed pressure switch (OFPS) sensing line. 

e@ Evaluate the OF PS mechanical durability. 


The turbine pump assembly tests were conducted at the Bell Aerosystems Company, 
Rocket Test Facility, test cell Y-2, from 12 November 1965 to 9 March 1966. 


5.4.1 Test Configuration 


The turbine pump assembly used in the tests (S/N K3TA) was assembled from com- 


ponents obtained from the previous XLR 81-BA-13 engine program residual hardware. 


A production relay box detail design was not established at the time the turbine pump 
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tests were initiated and a preliminary design relay box with additional instrumentation 
circuitry and no EMI suppression across the relay was used as shown in Fig. 5-5. An 
oxidizer valve, pressure switches, and fuel valve assembly were obtained from YLR 


81-BA-11 engine test and production hardware. 


The main fuel and oxidizer valves were mounted externally, and as shown in Figs. 5-6 
and 5-7, respectively,to simulate the normal engine assembly operating effects. The 
pump discharge to the oxidizer and fuel valves was circulated back to the main pro- 
pellant tanks. An orifice was located downstream of the propellant valves to simulate 


the thrust chamber back pressure. 


For the initial tests, a pressure switch simulating the oxidizer manifold pressure switch 
(OMPS) was installed between the oxidizer valve and the orifice used to simulate chamber 
back pressure. Because the large fill volume of the thrust chamber regenerative cool- 
ing passages was omitted from the system, the simulated OMPS actuation pressure switch 
was set higher than the design OMPS to more accurately simulate the XLR 81-BA-13 
engine start transient time to OMPS actuation. 


The turbine pump assembly components, except for the electronic gate and pressure 
switch relay box, were enclosed within an environmental chamber. Thus, the pro- 
pellants in the main tanks could be recirculated for conditioning to the temperatures 
specified in Table 5-7. 


Oxidizer Recirculation System. Initial test results demonstrated that the oxidizer 
recirculation system did not provide a valid simulation of the thrust chamber cooling 
passage transient flow-pressure characteristics. Consequently, a thrust chamber with 
an oxidizer valve and a flight configuration OMPS were incorporated into the pump dis- 
charge oxidizer system to provide an alternate oxidizer flow circuit while the fuel system 
remained as originally installed. A two-second operational limit using the thrust 
chamber was imposed to minimize the oxidizer flow through the thrust chamber and 

into the test cell. The alternate configuration providing simulated start transient 

flow characteristics during short duration runs with the thrust chamber and oxidizer 


recirculation capability for long duration runs is shown schematically in Fig. 5-6. 
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After the thrust chamber installation, the results from tests 2041 through 2047, with 
an OFPS set at 235 psi actuation pressure, indicated premature switch actuation 
with the XLR 81-BA-13 engine start transient characteristics. Consequently, effec- 
tive at test 2048, an OF PS with an actuation pressure setting of 391 (+24) psia was 


incorporated. 


Electrical Control Circuit. Test 2048 start sequence, simulating an oxidizer manifold 
pressure switch (OMPS) failure to actuate (OF PS commanding), was terminated due to 
an electronic gate shutdown. Investigation of the data indicated no turbine overspeed 
condition existed. It was concluded that the shutdown condition occurred because the 
electrical load switched by the OF PS was conducted through the gate via the main power 
line for the pilot operated solenoid valve (POSV) and pressure switches as shown in 
Fig. 5-5. This was a fluctuating inductive load and caused the gate to trip. The elec- 
tronic gate S/N 7 was replaced and EMI suppression was added across the lock-in relay 
in the pressure switch relay box. This modification rectified the situation and the two 
OF PS commanding tests were completed successfully. The electronic gate S/N 7 was 
then checked functionally and found to be acceptable. Consequently, another test was 
conducted under the original conditions (no EMI suppression in the pressure switch 
relay box and using gate S/N 7) and test results were similar to the electronic gate 
shutdown during the start transient OF PS chatter. The EMI circuit was reinstalled 
across the lock-in relay and the test was repeated. The gate again tripped, indicating 
that the tripping was caused by electrical load fluctuation generated by the OF PS chatter 
rather than by a malfunction within the gate. The electronic gate S/N 7 was replaced 


_ with another gate for the remaining turbine pump tests which eliminated the premature 


shutdown condition during subsequent testing. The EMI suppression circuit remained 


across the lock-in relay for the remaining tests. 


Test Cell Electrical Control Circuit. The turbine pump test cell electrical control 


circuit was modified on 27 December 1965 to determine the effects, if any, of the 
LMSC aft safe/arm junction box (ASA J-box) on the XLR 81-BA-13 modified engine 


start and shutdown transients. The main power to the engine solenoid valves was 
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routed directly from the simulated ASA J-box to the engine gas generator solenoid 
valves and the pressure switch relay box as shown in Fig. 5-8. Thus, the high current 
load was removed from the electronic gate relays which existed with the previously 
proposed configuration shown in Fig. 5-5. This new configuration, equivalent to 
vehicle use, eliminated the fluctuating inductive load currents to the POSV through 


the electronic gate circuit under conditions of OF PS chatter. 


Low Suction Pressure Tests. Turbine pump test cell modifications were initiated on 
3 January 1966 to incorporate low suction pressure test capability. To perform the 
low suction pressure test runs, it was necessary to install an auxiliary main pro- 
pellant tank system due to an excessive pressure drop in the standard test cell 
propellant feed system. In addition, the alternate propellant recirculation system 
was used in the oxidizer system to facilitate diverting the oxidizer pump discharge 
flow through the thrust chamber for bit impulse runs or recirculating the flow to the 
propellant tank for long duration runs. This arrangement is shown in Fig. 5-6. 
Modifications to the propellant system were incorporated to resolve the discrepancies 
noted in Table 5-7 for tests 2080 through 2085. However, prior to completing the 
required modifications, the low suction pressure tests were cancelled to expedite 
OF PS durability testing, and the test cell was converted back to the test cell main 
propellant feed system configuration. 


Pressure Switch Junction Box. A turbine pump test cell electrical system modifica- 
tion was accomplished on 25 February 1966 to incorporate the pressure switch junc- 
tion box in lieu of the pressure switch relay box to coincide with changed engine 
design configuration (Ref: paragraph 5.2). Additional tests were conducted to 
determine the effects on the fuel valve assembly operation with the OF PS command- 


ing (OMPS disabled) and the pressure switch junction box replacing the relay box. 


Instrumentation. The turbine pump assembly was instrumented as shown schemati- 
cally in Figs. 5-5, 5-6, 5-8, and 5-9. Oxidizer feed and manifold pressures (OFP 


and OMP) were monitored with close-coupled transducers as shown in Fig. 5-6. 
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5.4.2 Test Results 


Table 5-7 shows the average values of time to thrust chamber ignition, turbine speed 
at thrust chamber ignition, and oxidizer preflow and postflow for the two main pro- 
pellant valve configurations (YLR 81-BA-11 and XLR 81-BA-13) considered for the 
modified XLR 81-BA-13 engine. A comparison of these values indicated that the 
start transients for the two configurations were similar and that engine level tests 
could begin with confidence that the required oxidizer preflow would be achieved. 

The time to ignition is slightly less for the modified XLR 81-BA-13 engine (relative 
to the YLR 81-BA-11 engine); the turbine speed at ignition is nearly the same, indi- 
cating a higher turbine acceleration for the XLR 81-BA-13 engine. 


Start Tank Pressure and Hardware and Propellant Temperature Effects. The effects 


on time to thrust chamber ignition and the turbine speed at thrust chamber ignition 
are shown in Table 5-8 (tests 2040 through 2068). Lower start tank pressures and 
temperatures result in longer times to ignition and lower turbine speeds at ignition 
due to the lower propellant flow rate to the gas generator and lower generator per- 
formance at reduced temperature. These conditions reduced the available energy 


for turbine acceleration. 


A significant effect of start tank initial conditions on time to thrust chamber ignition 
is shown in Table 5-9 for the malfunction tests 2112, 2113, and 2114 which simulated 
the extreme condition of complete loss of propellant from either and both start tanks. 
The results show successful engine start and start tank recharge at +60°F tempera- 
ture and 40 psig pump suction pressure. However, the time to thrust chamber 
ignition increased primarily as a function of oxidizer start tank propellant loss. Loss 
of fuel start tank propellant produced a time to thrust chamber ignition of 3 seconds, 
however loss of oxidizer start tank propellant resulted in a time to thrust chamber 
ignition of 12 seconds. Variable fuel start tank propellant had relatively minor effect 
on time to thrust chamber ignition for the condition of no oxidizer in the oxidizer start 


tank. The predicted thrust chamber ignition occurred approximately coincident with 
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attainment of 75 percent turbine speed with an empty fuel start tank and occurred 
slightly prior to 75 percent turbine speed with an empty oxidizer start tank or both 
start tanks empty. Regarding application of this test data to flight, it appears that 
if fuel start tank propellant is lost in flight, the chances of engine restart are 
reasonably good. However, for the case of lost propellant from the oxidizer start 
tank, significant delay in start transient events was observed and high pump suction 
pressures were utilized during these tests compared with lower predicted flight 
suction pressures. Therefore the limited test data obtained for these conditions 
presently prohibits an accurate quantitative prediction of flight start transient char- 


acteristics with lost oxidizer start tank propellant. 


Pressure switch malfunction conditions, i.e. actuated at start signal (fuel lead start 
sequence) and OMPS failure to actuate (OF PS commanding start sequence) also affect 
time to thrust chamber ignition and turbine speed at ignition, as discussed later in 


this section. 


Oxidizer Preflow. The nominal oxidizer preflow values obtained at sea level during 
the turbine pump program agreed with the initial predicted preflow for the modified 
XLR 81-BA-13 engine and with the oxidizer preflow values quoted for the YLR 81- 
BA-11 production engine as shown in Table 5-7. The test results did not show a 
significant effect of main propellant valve configuration, turbine pump suction pres- 
sures, or initial start tank pressures (within the required operating limits) on oxidi- 


zer preflow. 


OFPS Actuation Effects. The data obtained from tests 2041 through 2047 using an 
OF PS set at 235 psia actuation pressure showed that the switch actuated at two 
distinct intervals prior to normal OMPS actuation. The first actuation of the OF PS 
was the result of the pressure increase required to rupture the oxidizer frangible 


disc. The second actuation occurred when the combined effects of the increasing 


turbine speed and fluid flow resistance in the thrust chamber cooling passages resulted 


in an increasing pressure at the OFPS sufficient to actuate the switch. The premature 
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OF PS actuation was of sufficient duration to actuate and electrically lock-in the pres- 
sure switch relay box relay and energize the pilot operated solenoid valve (POSV). 
These premature OF PS actuations would result in an estimated 2.0 pound fuel lead 

and simultaneous injection for the first and second premature actuations, respectively, 
with the relay box electrical control system. Consequently, an OFPS with a higher 
actuation pressure was required to ensure an oxidizer lead start sequence. The YLR 
81-BA-11 engine thrust chamber pressure switch was selected since it was identical 
in configuration to the initially selected OFPS except for the heavier column spring and 


correspondingly higher nominal actuation pressure setting of approximately 390 psig. 


The tests conducted to evaluate the start transient characteristics with the OF PS 
actuation pressure of 390 psi revealed that the switch did not actuate and lock-in on 

the first actuation. Instead, the switch chattered (oscillated between the actuate and 
deactuate positions) due to the oxidizer pump pressure perturbations which were 
greater than the pressure switch actuation/deactuation pressure settings. This chat- 
tering condition would continue until the oxidizer system minimum pressure increased 
to a value greater than the switch deactuation pressure setting. This pressure increase 
occurred as a result of thrust chamber ignition chamber pressure rise or turbine speed 
increase resulting in the increasing pump discharge pressure. During a normal start 
sequence, the OF PS chatter would result in 5 inductive load carrying cycles (POSV 
coil) prior to OMPS actuation and 25 noninductive load carrying cycles between OMPS 
actuation and thrust chamber pressure rise. During an OFPS commanding start 
sequence (simulating OMPS failure to actuate) with the OF PS at nominal actuation 
pressure setting, a total of 30 inductive load carrying cycles would occur prior to thrust 
chamber ignition. 


This high frequency OF PS chatter operation during a normal start transient required 
the additional switch durability tests (tests 2093 through 2101) discussed in paragraph 
5.7 and an evaluation of an OF PS pressure sensing tube assembly orifice for pressure 
perturbation attenuation capability (tests 2090 through 2092). The addition of different 
sized orifices in the OF PS sensing line was investigated to determine if oxidizer feed 
pressure pulsing could be attenuated. The test results indicated that an orifice with 
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less than 0.10 inch diameter would be necessary to provide the required pressure pulse 
attenuation at the switch. An orifice of this size would cause excessive delay in OF PS 
actuation time. Consequently, the orificed sensing tube was not recommended to atten- 


uate OF PS chatter. 


The use of the OF PS with a nominal actuation pressure of 390 psi to command engine 
start resulted in the OF PS functioning as a backup command switch and an increase in 
oxidizer preflow in the event of an OMPS failure to actuate, as shown in Table 5-10. 
The turbine pump operating characteristics have a greater affect on the engine start 
transient parameters with the OF PS controlled start sequence than with OMPS in com- 
mand. The turbine acceleration rate affects the time to achieve OFPS actuation pres- 
sure and therefore the time to energize the POSV. Consequently, variations in tem- 
perature, initial start tank pressures (which affect turbine acceleration), and OF PS 
actuation pressure setting (affecting the required turbine speed), in addition to the 
POSV actuation characteristics with an intermittent (OF PS chatter) signal would be 
predicted to significantly affect start transient parameters. Therefore, turbine pump 
test (test 2069) was conducted at the operating limits of low start tank pressures 

(600 psia), low hardware and propellant temperature (+10°F), and the maximum pos- 
sible OF PS actuation pressure of 414 psig to determine the maximum effect on the 
start transient parameters. The actual value of preflow for this condition was not 
determined, since the OF PS never actuated the POSV during the 2-second duration 


run. 


The possibility of a fuel lead, due to the OF PS having the minimum possible actuation 
pressure of 368 psig, high start tank pressures (1400 psia), and high hardware and 
propellant temperatures (+140°F) was also investigated (test 2070). The OFPS actu- 
ated at 0.918 seconds after start signal which was 0.091 seconds after the OMPS 
actuation which was monitored for comparison with the OFPS actuation time. Con- 
sequently, an oxidizer lead of 5 pounds resulted with the pressure switch relay box 
control circuitry shown in Fig. 5-8. Since the control circuitry lock-in relay could 
affect start transient parameters, these tests were repeated (tests 2104, 2107, and 
2105) incorporating the pressure switch junction box design change, as shown in 


Fig. 5-9. 
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The junction box test results are compared with the aforementioned relay box test 
results in Table 5-10 and show no significant differences in the start transient param- 
eters, however, the following condition was observed which resulted from the removal 


of the lock-in relay. 


Examination of the data indicated that the fuel valve repeatedly shuttled between the 
fully opened and closed positions three times during the 2-second duration run. The 
fuel valve shuttling is explained as follows. The pressure at the OF PS increased 
during the start transient until the switch was actuated, thereby commanding the POSV 
to open the main fuel valve. As soon as the fuel valve opened, the fuel flow placed an 
additional load on the pump and hence on the turbine, causing a decrease in turbine 
speed. The decrease was sufficient to reduce the mean pressure at the OFPS causing 
the switch to deactuate, remove electrical power from the POSV, and thereby close the 
fuel valve. This cycle operation would repeat; however, this situation was determined 
to be peculiar to the turbine pump level operation which does not allow simulation of 
the effects of thrust chamber pressure which rises after the fuel valve opens. It was 
predicted that on the engine level, once the fuel valve opened and permitted flow into 
the thrust chamber, the chamber pressure would rise rapidly due to combustion. 

Rise in chamber pressure would produce a corresponding propellant feed system 
pressure rise to a value above the OF PS actuation pressure setting, which in turn 
would provide positive lock-in of the switch. This positive operation was verified 


during AEDC tests as discussed in Section 7. 


Oxidizer Postflow. An evaluation of the turbine pump test results was performed to 
determine the effects of the engine modifications on oxidizer postflow. Results showed 
an oxidizer postflow increase from 18.5 pounds with the former XLR 81-BA-13 engine 
main oxidizer valve configuration to about 28.8 pounds with the proposed main oxidizer 
valve from the XLR 81-BA-11 engine at 24 psia pump suction pressures. However, 
consistent with the criteria to modify the engine as closely as possible to the YLR 
81-BA-11 engine thrust chamber start sequence configuration, the YLR 81-BA-11 
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engine configuration main valves were retained. The turbine pump effects on oxidizer 
postflow have been determined to be primarily a function of the turbine speed and 


oxidizer pump suction pressure present at shutdown. 


Oxidizer postflow will continue until turbine speed delays sufficiently to allow the 
oxidizer valve to close under spring load. The engine main fuel valve closes prior 

to the gas generator solenoid valve closing which terminates propellant flow to the 

gas generator. Turbine speed will increase when the main fuel valve closes unload- 
ing the fuel pump, until the gas generator operation is terminated. This turbine speed 
increase with the corresponding effect on oxidizer postflow is primarily a function of 
the oxidizer gas generator solenoid valve closing time. This valve closes in less time 
than the corresponding YLR 81-BA-11 engine bi-propellant valve, and results in a 
lower turbine speed increase at shutdown and a correspondingly lower oxidizer post- 
flow of 28.8 pounds compared to 31.2 pounds for the YLR 81-BA-11 engine. 


A simulated aft safe arm junction box (ASA J-box) was incorporated into the turbine 
pump electrical circuitry to evaluate the possible effects of the engine electrical 
design change on the gas generator valve closing times and oxidizer postflow. The 
significant results of these tests compared with data obtained with the gas generator 
solenoid valve electrical power supply routed through the electronic gate are presented 
in Table 5-11. The comparison shows that the mean closing times of the gas generator 
fuel and oxidizer solenoid valves and the main fuel valve were not altered by the elec- 
trical control circuit design change. Shutdown turbine speed increase and nominal 


oxidizer postflow are therefore not affected by the ASA J-box. 


Malfunction Tests. Malfunction tests were conducted to determine the effects of fuel 
and oxidizer depletion at start and at steady state, and to evaluate the effects of the 
ASA J-box circuitry on an electronic gate turbine overspeed shutdown. The signifi- 


cant results are: 


a. Turbine overspeed shutdown was not achieved for the condition of fuel 
depletion either at start or during operation. The turbine speed reached 
a peak speed of 28, 000 rpm when depletion occurred during steady state 


operation and the run was terminated when the fuel start tank was depleted. 
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b. For oxidizer depletion at start or during steady state operation, the 
electronic gate initiated turbine overspeed shutdown at 29,500 rpm. 
The shutdown control circuitry and hardware response times resulted 
in a maximum turbine speed of 32,000 rpm for depletion either at 


start or during steady state operation. 
5.4.3 Conclusions 


The turbine pump tests demonstrated reliable and predictable operation of the electri- 
cal control and hardware modifications over the range of operating conditions imposed 
at sea level pressure. A basis for predicting engine level operating characteristics 


at both sea level and altitude was provided. 


Values of the start transient parameters were derived which agreed satisfactorily with 
initially predicted values. Start tank recharge time remained unchanged. Time to 
thrust chamber ignition was slightly less than the predicted value of 1.16 seconds. 

The oxidizer preflow of 6.0 pounds agreed well with the YLR 81-BA-11 engine value, 
and provided confidence that the formal engine level tests could proceed without fur- 
ther design change. 


The pump tests showed no significant difference in start transient operation when 
either the YLR 81-BA-11 or XLR 81-BA-13 engine valves were used in conjunction 
with the modified electrical control circuitry. However, the YLR 81-BA-11 engine 
valves were selected for incorporation into the modified engine configuration, pri- 
marily based on the philosophy of changing as much as possible to the YLR 81-BA-11 
engine configuration. With the YLR 81-BA-11 engine oxidizer valve, an oxidizer 
postflow of 29 pounds nominal is achieved, which is lower than the 31 pounds obtained 
with the YLR 81-BA-11 engine, but considerable higher than that associated with 
original XLR 81-BA-13 engine. 
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Malfunction tests on loss of propellant from either start tank demonstrated that the 
time to ignition is delayed by two seconds when fuel start tank propellant is lost, 
and by 11 seconds when oxidizer is lost from its start tank. Before these results 
can be applied to flight conditions, further analysis and perhaps testing would be 
required. Results of other malfunction tests were as predicted; in most instances 
results were obtained which were similar to those achieved during the original 


XLR 81-BA-13 engine development. 


Reliable operation with the vehicle aft safe arm junction box in the electrical control 


circuit was verified. 


Premature activation of the OF PS during early tests resulted in selection of a switch 
with a higher setting of 391 psig to guarantee an oxidizer lead in the event of an OMPS 
malfunction. With this setting, significant OF PS chatter occurred due to oxidizer 
pump discharge pressure perturbations during start transient pressure buildup. 
Therefore,tests were run to determine if an orifice in the OF PS sensing tube assem- 
bly would attenuate the pressure perturbations and eliminate OF PS chatter. Results 
indicated that the small orifice size required was not compatible with engine transient 
response characteristics. OF PS durability tests were then conducted which verified 


that the OF PS would operate properly after multicycling in a load carrying condition. 


Significant effects of environment, pressure, malfunction and test conditions on tran- 
sient performance and operation were obtained during the pump tests, thereby mini- 
mizing engine level test requirements. Confidence in the modified engine detailed 
design and configuration was established prior to initiating the formal engine flight- 


worthiness demonstration tests at sea level and AEDC. 
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5.5 START SYSTEM TEST PROGRAM 


The gas generator start system tests were conducted to determine the start system 
ignition and combustion performance characteristics at altitude over a range of 
possible start conditions. Also to be evaluated were the effects of storage for 28 days 
at sea level plus 5 days at altitude during which time propellants were maintained in 
the start system, simulating a maximum mission period (pad hold time plus mission 
orbit life). Results to be obtained were the effect of the primary influencing and inde- 
pendent parameters of feed pressure, temperature, and resultant mixture ratios on 
gas generator altitude ignition and combustion performance, and the effect of combined 
long-term sea level and altitude storage on ignition. The start system tests were con- 
ducted at BAC (Test Cell X-2), from 20 November 1965 through 12 March 1966. 


5.5.1 Test Configuration 


Test components used in the gas generator ignition tests consisted of fuel and oxidizer 
. start tanks, fill valves, venturi assemblies, solenoid valves, and a gas generator 


turbine manifold assembly. 


The above components were geometrically located as in the complete engine installa- 
tion using production hardware. That part of the engine used for the start system tests 
is shown schematically by the solid lines in Fig. 5-10. The start system used a "blow 
down" operation during the test series allowing a simulation of normal engine operation 
for a period of approximately 0.7 to 0.8 seconds duration at which time turbine pump 


recharge of the start tanks is normally initiated. 


An altitude duct was welded to the turbine manifold downstream of the turbine nozzles 
to maintain altitude conditions during propellant lead and ignition by providing an 
additional 5.5 cubic feet of evacuated volume. A trap door with a seal was provided 
on the end of the duct to evacuate the system prior to the start of a test. The trap 
door would blow open when the duct pressure exceeded atmospheric pressure. The 


duct also conducted the fuel rich exhaust gas away from the test cell. Cryogenic 
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cold traps were installed in the exhaust system to minimize evaporated propellant 
contamination of the equipment. The gas generator test assembly was completely 
enclosed in an environmental chamber for hardware and propellant temperature 
conditioning as indicated in Table 5-12. 


Instrumentation used to meet the program objectives is shown in Fig. 5-11. High- | 
response pressure instrumentation was used to monitor propellant injection vapor | 
pressures, propellant vapor reactions, and ignition peak pressures and pressure 

spikes. This instrumentation was utilized not only for generator chamber pressure 

during all tests but also for fuel and oxidizer injector manifold feed line pressures 

during runs 2420 through 2428. Figures 5-12 and 5-13 are photographs of the test 

cell, showing hardware installation and component configuration. 

During the test series, gas generator solenoid valve S/N 109 was replaced ™ valve | 
S/N 112. This replacement was due to failure of valve 109 to open (refer to Section 8 


for valve failure discussion). 
5.5.2 Test Results 


Safe and reliable ignition occurred on all tests except 2397 when fuel solenoid valve 
S/N 109 failed to open. No ignition delay or spiking deleterious to the engine start 
transient or the component integrity was noted during any of the tests, including the 
effects from the malfunction tests. The significant start transient parameters and 
values thereof for each test are presented in Table 5-12. Graphical presentation of 
significant data and results are presented in Figs. 5-14 through 5-19. 


Figure 5-14 shows peak and steady state gas generator chamber pressure as a function 
of initial start tank pressure. The steady state chamber pressure for these tests is | 
defined as that pressure occurring at a standard time of 0.5 seconds after start signal. 

This time interval insures dissipation of the energy from accumulated propellant | 
preflow. 
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The significant results shown in Fig. 5-14 are as follows: 


a. The peak and steady state generator chamber pressures are not 
significantly affected by either altitude or propellant and hardware 
temperatures. 

b. The peak generator chamber pressure increases with increasing start 
tank pressure. The relation shown indicates that a factor other than the 
propellant flow rate increase associated with the higher tank pressures 
is involved. However, the peak generator pressure at maximum flight 
operating start tank pressures are well below the structural capability 


of the gas generator. 


Figure 5-15 presents a summary of the effects of temperature on the time to ignition, 
and generator chamber peak pressures after start signal. The time for propellant 
manifold fill and subsequent liquid injection for both propellants are shown for base- 
line purposes. Although the data presented is for a nominal start tank pressure of 
1,000 psia, analysis of data at other tank pressures shows a good correlation at 

both sea level and altitude between time to generator chamber peak pressure and 
propellant flow rate (which is a direct function of the start tank pressures). The 
time to ignition at altitude conditions correlates reasonably well with propellant flow 
rate; however, at sea level conditions, the time to ignition was approximately con- 
stant for a specific temperature within the start tank pressure range of 600 to 1,400 


psia. Present conclusions indicated from Fig. 5-15 and related data are: 


a. Electrical power is applied simultaneously to the fuel and oxidizer generator 
solenoid valves to give a normal engine start sequence that results in a fuel 
lead of approximately 80 to 150 milliseconds (due to the higher fuel flow 
rate) over the maximum range of start tank operating pressures. 
b. The tests at maximum temperature show ignition at approximately the time 
of liquid fuel injection, indicating that fuel reacts with the oxidizer prior to 
complete filling of the oxidizer manifold. The data indicates a trend to suppress 
this fuel-oxidizer reaction as temperature is decreased such that at colder 
| temperatures, ignition occurred nearly coincident with the calculated time of 


oxidizer liquid injection. 
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c. The time from liquid propellant injection to generator chamber peak 
pressure correlates reasonable well with fuel injection time at high 
temperatures and with oxidizer injection time at low temperatures 
over the test range of start tank pressures. 

d. An overall reduction of about 30 percent in time to peak gas generator 
chamber pressure was noted when comparing hot-test to cold-test data 
at the same start tank pressure. 

e. Hot tests resulted in similar times from start signal to generator chamber 
peak pressure at altitude and sea level. However, altitude peak pressure 
was achieved prior to sea level peak pressure during the rated- and cold- 


temperature tests. 


Figure 5-16 compares typical high-temperature ignition characteristics at sea level 
and altitude. The low pressure rise prior to liquid injection of either propellant was 
noted consistently during sea level high-temperature tests, and randomly during 
rated- and cold-temperature tests at sea level. The temperature obtained from a 
gas thermocouple inserted into the combustion chamber at the injector during the 
sea level tests also shows a propellant reaction correlation with the chamber pressure 
rise. This initial reaction at sea level pressure, slightly above the propellant vapor 
pressures, is attributed to vapor or condensed vapor reaction within the generator 
chamber (calculations indicate that liquid injection had not yet occurred by the time 
of this initial reaction). The subsequent decay in pressure and temperature is 
attributed to a combination of suppressing the vapor flow due to the chamber pres- 


sure rise and quenching of the reaction when the liquid enters the combustion chamber. 


Propellant injection tests were conducted to determine the gas generator chamber 
pressure, temperature, and propellant reaction transient characteristics at altitude 
conditions. The results of a fuel injection test, an oxidizer injection test, and a 
normal fuel lead ignition test are presented in Fig. 5-17, which compares the low 
range generator chamber pressure and chamber combustion gas temperatures for 


the three tests. A reaction occurred during the normal start test as evidenced 
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by the bi-propellant initial pressure rise above the single propellant vapor pressure, 
and the temperature increase prior to liquid oxidizer injection into the chamber. A 
fuel injection quenching effect was noted in temperature but less severe than observed 
at sea level and generator chamber pressure did not decay. Ignition for this test is 
defined as 0. 074 seconds after start signal, coincident with the generator chamber 
pressure rise. This vapor ignition phenomena was observed during only two +140°F 
tests at altitude. 


The effects of varying propellant lead times at altitude on the peak gas generator 
chamber pressure is shown in Fig. 5-18. Two temperature conditions were tested, 
but the emphasis was on the +10°F condition to determine effects of increased pro- 
pellant accumulation and probable longer hypergolic propellant reaction time before 
ignition. A maximum peak generator chamber pressure was observed at the nominal 
fuel lead condition; increasing the fuel lead decreased the peak pressure. Reducing 
the fuel lead correspondingly reduced the preignition accumulation of fuel, reduced 
the generator peak pressure, and at simultaneous propellant injection the pressure 
overshoot essentially was eliminated. Increasing oxidizer lead with the fuel-rich 
operation of the gas generator resulted in increasing peak pressures to approxi- 
mately the same levels as observed for the normal fuel lead condition. 


Six tests, 2420 through 2425, were conducted with special feed pressure instrumenta- 
tion to detect possible ignition in the injector manifolds. These tests were conducted 
at temperatures of +10°F and +140°F, start tank pressures of 800 psia and 1400 psia, 
and fuel leads of 0.86 seconds to oxidizer leads of 0.55 seconds to induce entry of a 
propellant in the opposite propellant injector and feed line manifolds. However, 
there was no indication of combustion or ignition spikes in the injector or feed lines, 


based on this instrumentation. 
The accelerometer data summary is presented in Fig. 5-19 as a function of initial 
start tank pressure. A general increase in "g" loading with increasing temperature 


and pressure was noted for both the horizontal and axial measurements. Maximum 
accelerations were observed at the time of generator peak chamber pressures; 
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however, no significant accelerations were observed which would indicate an adverse 
ignition shock. The sea level peak accelerations were generally lower than those at 
altitude, for the same test conditions. Observed vibration frequencies were generally 
random within the range of 1000 to 18,000 cps and no correlation with either pressure 
or temperature was obtained. 


Safe, reliable ignition occurred on the three ignition tests conducted as part of the 
storage program. No ignition delay or pressure spikes deleterious to the engine start 
transient or the component integrity was recorded. 


A comparison of the post storage test data with previous test data indicated the 


following: 


a. The peak gas generator chamber pressures were 60 to 80 psi above the 
normal established during the previous tests at comparable test con- 
ditions; however, this difference is considered insignificant with respect 
to ignition, reliability, and structural integrity. 

b. Post storage and post coast test valve opening times increased as shown 
in Table 5-12 as compared to the base line (test 2426) but were within 
specification maximums. | 

c. Calibration flow test of both venturi assemblies indicated flow instability 
of approximately 1.0 percent compared with acceptance test instability 
limits of +0.5 percent. However, prestorage instability base line tests 
were not performed and consequently it is not possible to assess the 
storage effects on venturi stability. The gas generator performance 
evaluation showed no indication of performance or propellant flow insta- 
bility during the post storage hot fire test for the test duration of 1.0 
second. Other factors also effect gas generator performance and hence 
overall engine thrust level. If the 1.0 percent instability did occur in 
flight, it would not significantly affect mission performance and sequenc- 
ing, based on the manner in which all factors are accounted for in present 


primary propulsion maneuver planning. 
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5.5.3 Conclusions 


Safe and reliable ignition was demonstrated during all altitude tests, and no ignition 
delay, pressure spikes, or adverse peak pressures were observed which would be 
detrimental to engine operation or integrity during flight environment. The generator 
chamber peak pressures are a function of initial start tank pressure and fuel lead 
time, and appear to be only secondary functions of temperature and ambient pressure. 
The turbine manifold pressure followed the gas generator chamber pressure charac- 
teristics closely at expected slightly lower pressures. The time from start signal 

to ignition is a function of temperature and initial start tank pressure. Ambient pres- 
sure effects on the time to ignition were observed only at low temperatures. A pro- 
pellant vapor ignition phenomena was observed at sea level; however, this phenomena 
occurred only at high temperatures during the altitude tests. Generator ignition after 
28 days and 5 additional days of storage was reliable and key parameters compared 


favorable with the prior calibration test and ignition test data. 
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Fig. 5-12 Engine Test Cell — Hardware and Component Installation 
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Fig. 5-13 Engine Test Cell — Hardware and Component Installation 
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Fig. 5-19 Accelerations at Peak Chamber Pressure 
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5.6 SPECIAL ENGINE INSTRUMENTATION TEST PROGRAM 


The primary objective of the special instrumentation program was to determine if the 
modified (oxidizer lead) XLR 81-BA-18 engine start transient dynamic characteristics 
are similar to or significantly different than the standard YLR 81-BA-11 engine 
configuration. To accomplish the objective, dynamic instrumentation was recorded 
during acceptance testing of four YLR 81-BA-11 and three XLR 81-BA-13 engines. 
Test durations for the YLR 81-BA-11 engines were two 60-second firings; for the 

XLR 81-BA-13 engines, three 2-second and two 60-second firings. The tests were 
conducted between 26 December 1965 and 18 March 1966 at Bell Aerosystems Company 
(Test Cell H-2). 


5.6.1 Test Configuration 


The test articles were production engines acceptance tested in the horizontal attitude 
at sea level environment. The engine nozzle extension was replaced with a mass 
simulator used for engine thrust chamber gimballing and for thrust chamber operation 
at sea level atmospheric pressure. Engine configurations were in accordance with 
the normal YLR 81-BA-11 and XLR 81-BA-13 acceptance test requirements as called 


out in the respective Model Specifications. 


Acceleration, force, and pressure measurements were recorded at the following 


locations which are shown graphically in Fig. 5-20: 


a. Accelerometers 
Thrust Chamber Thrust Lug — Longitudinal (A-1) 
Thrust Chamber Thrust Lug — Yaw (A-2) 
Thrust Chamber Thrust Lug — Pitch (A-3) 
Gimbal Ring Assembly — Longitudinal, (A-4) Top 
Gimbal Ring Assembly — Longitudinal, (A-5) Bottom 
Thrust Mount Structure — Longitudinal, Left Gimbal (A-6) 
Thrust Mount Structure — Longitudinal, Right Gimbal (A-7) 
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Thrust Mount Structure — Longitudinal, Actuator Top (A-8) 
Thrust Mount Structure — Longitudinal, Actuator Side (A-9) 


Gas Generator — Parallel to Geometric Axis of Generator near 
Injector Head (A-10) 


Engine Test Rig — Longitudinal (A-11) 
Engine Test Rig — Pitch (A-12) 


Electronic Gate Box — Longitudinal, in rigid area near engine 
attachment point (A-13) 


Pressure Switch Relay Box — Longitudinal (A-14) 
b. Thrust 

Engine thrust at the four thrust mount attachment points, LC-1 through LC-4 
c. Pressures 

Engine Oxidizer Injector Pressure 


Engine Thrust Chamber Pressure 


5.6.2 Test Results 


Test results are presented in Tables 5-13 and 5-14 and discussed in the following. 
Table 5-13 is a summary of all of the vibration, force, and pressure data obtained dur- 
ing engine acceptance testing. Model XLR 81-BA-13 engines (803, 806, and 807) were 
acceptance tested early in the Sure Fire Program, therefore, some of the accelerom- 
eter data (accelerometer nos. 2 through 5, and 8, and 9) were not acquired during 

the initial tests. The accelerometer data in Table 5-13 shows the peak g's recorded 

at thrust chamber ignition. Using accelerometer Al (mounted on the thrust chamber 
lug) as a reference accelerometer, the following minimum and maximum peak g's were 


noted during YLR 81-BA-11 and XLR 81-BA-18 engine firings: 


e YLR 81-BA-11 engines: Minimum — 8 g's, Maximum — 37 g's 
e XLR 81-BA-13 engines: Minimum — 14 g's, Maximum — 40 g's 


The load cell data at ignition for a nominal run of the Model YLR 81-BA-11 engine was 
11, 636 pounds compared with a nominal of 11, 896 pounds for the Model XLR 81-BA-13 
engine. The load cell data for YLR 81-BA-11 engine 708 was not considered valid 
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due to load cell calibration inaccuracies. The thrust chamber ignition pressure (Pc) 
measurements of the YLR 81-BA-11 and XLR 81-BA-13 engines agreed quite well 
with no significant differences. The oxidizer manifold pressure (OMP) was saturated 
during YLR 81-BA-11 engine firings and a valid comparison was not possible, how- 
ever, the XLR 81-BA-13 engine OMP transient data evaluation indicate no adverse 
pressure peaks. 


Table 5-14 shows the results of the Power Spectral Density (PSD) data. The data 
shows a spread of 0.7 g (RMS) measured at the test rig to 28 g (RMS) at the thrust 
mount actuator-side. Figures 5-21 through 5-25 are typical PSD plots of the 
YLR 81-BA-11 and XLR 81-BA-13 engine firings indicated below: 


Fig. 5-21 Run No. 485 XLR 81-BA-13 engine 803 
Fig. 5-22 Run No. 436 XLR 81-BA-13 engine 806 
Fig. 5-23 Run No. 438 YLR 81-BA-11 engine 707 
Fig. 5-24 Run No. 439 YLR 81-BA-11 engine 708 
Fig. 5-25 Run No. 440 YLR 81-BA-11 engine 709 


The area under the curves of Figs. 5-21 through 5-25 represent g (RMS) and is equal to: 


f 1/2 


2 
g (RMS) =| { G, df 
i 


where 


Q 
I 


density (g2/ cps) 


Kh 
II 


frequency (cps) 
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The PSD analyses were made approximately 0.4 seconds after thrust chamber ignition. 
The PSD plots show distinct peak g (RMS) values at frequencies around 900, 1600, and 
1800 cps. Most of the energy represented by the area under each of the PSD plots 
occurs at these predominant frequencies. These frequencies correlate with the 
oxidizer and fuel pump impeller blade rotational frequencies of 960 cps for the 
oxidizer pump and 1690 cps for the fuel pump at steady state turbine speed. The 
predominant 1800 cps frequency point is the first harmonic of the 900 cps frequency. 


Figures 5-26 and 5-27 are typical shock spectra plots showing the analysis of the 
accelerometer data from accelerometer numbers A-11 for engine 707 and A-1 for 
engine 708. The data was reduced using an amplification factor (Q) equal to ten 


where the damping (€ - zeta) would be 0.05 from the following equation: 


1 


ee 


Damping of 0.05 is considered nominal in the Agena structure; however, sufficient 
data is not available to determine the damping on the BAC facility thrust stand 
installation. If any peak response g value is divided by the amplification factor (in 
this case Q = 10) it would represent the g value for steady state vibration at that 
particular frequency. Figure 5-27 shows a peak reading of 57.5 g's occurring at 700 cps. 
This would represent 5.75 g's of steady state vibration. The shock spectra analyses 
were made during the thrust chamber ignition period. The typical shock spectra 

plots (Figs. 5-26 and 5-27) for the YLR 81-BA-11 engine show that the peak response 
g levels at their resonant frequencies are within the test requirements of LMSC 6117D. 
The dubbed tape data for the XLR 81-BA-13 engine firings were not adequate for 

shock spectra analysis. A dynamic analysis of the data in Table 5-13 indicates that 
shock spectra for the XLR 81-BA-13 engine are similar to the YLR 81-BA-11 engine, 


with the possible exception in frequency content, due to the difference in engine masses. 
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5.6.3 Conclusions 


The data contained in Tables 5-13 and 5-14 do not indicate any significant difference 
in engine start transient shock severity between the YLR 81-BA-11 and XLR 81-BA-13 


engines when fired at ground level. 


The Table 5-13 levels were reduced during the main engine ignition period and, 
therefore, generated the maximum g levels during each firing. The shock transient 
levels obtained during the hard-mounted engine tests at BAC compare favorably with 
the 40g, 8 millisecond test requirements of LMSC 6117D for Agena vehicle component 


installations. 


One run of the 21 engine acceptance tests produced a peak g level of 49 for a duration 
of approximately 3 milliseconds. The average peak acceleration levels at ignition 
were less than 40 g's on the remaining 20 tests. Evaluation of the steady state 
vibration levels indicates that the levels were lower than the test levels specified in 
LMSC 6117D. During the flight operation the modified, oxidizer-lead, multistart 
engine is not expected to generate ignition shock levels that are significantly different 


in magnitude and character from the standard YLR 81-BA-11 engine. 
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Approximately 0.4 seconds after thrust chamber 
Fig. 5-22 Power Spectral Density — Engine 806 Acceptance Test 
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Table 5-14 — 


POWER SPECTRAL DENSITY DATA FOR 
YLR 81-BA-11 AND XLR 81-BA-13 ENGINES 


Engine Model YLR 81-BA-11 XLR 81-BA-13 


g's (RMS) 


Accelerometer Locations 


A1l—TC Lug, Longitudinal 


A4— Gimbal Ring, Top 


A6 — Thrust Mount, Left Gimbal 


A7 — Thrust Mount, Right Gimbal 


A8 — Thrust Mount, Act. Top 


A9— Thrust Mount, Act. Side 


A10 — Gas Generator 


A1l-— Engine Test Rig, Long. 


A13 — Electronic Gate 


Al14 — Pressure Switch Relay Box 


(1) These acc. were not analyzed. 

(2) Poor data — not analyzed 

(3) Not on YLR 81-BA-11 engines. 

(4) Acc. were not mounted at these locations on engines 803 and 806. 
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5.7 OXIDIZER FEED PRESSURE SWITCH DURABILITY TEST PROGRAM 


Design changes during redevelopment of the XLR 81-BA-13 engine resulted in addition 
of an oxidizer manifold pressure switch (OMPS), oxidizer feed pressure switch (OF PS), 
and associated junction boxes for actuation of the pilot operated solenoid valve (POSV). 
The selection of an OFPS as a redundant start signal source was based on the successful 
application of such a switch on the Ranger series YLR 81-BA -9 engines. Early in 

the turbine pump test program it became apparent that the turbine pump start transient 
associated with the XLR 81-BA-13 liquid-start gas generator system was different 

than that associated with the solid-propellant start system of the YLR 81-BA -9 engine. 
The major differences affecting the use of the OF PS was a higher mean pressure at the 
OFPS port on the main oxidizer valve prior to thrust chamber ignition. This higher 
mean pressure together with normal pressure perturbations resulted in a rapid 
actuation-deactivation cycling of the OFPS which had not been considered in the original 


design of the switch application. 


The turbine pump test program was modified to investigate the effects of this cyclic 
operation on the OF PS durability and to investigate the possible damping effect of an 
orificed OFPS sensing line. A total of 66 test runs were made as shown in Table 5-15. 


5.7.1 Test Configuration 


The test setup used for normal turbine pump testing (paragraph 5. 4) was utilized with 


minor changes. These changes were to: 


a. Resize the gas generator venturis to control turbine speed. 

b. Add an oxidizer discharge line throttle valve to control OFPS cycling 
at the maximum rate throughout the run. 

c. Provide additional instrumentation to record switch output and POSV 


actuation and intermediate stage pressures. 
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5.7.2 Discussion 


The basic intent of the OFPS durability tests was to evaluate the mechanical durability 
of the switch particularly the microswitch spring fatigue limits. Switching rates as 
high as 250 cps, and pressure variations in the OFPS line as high as 1000 eps had 
been observed during turbine pump testing. Phase differences up to 180 degrees 
occurred between pressure variation and switch position. These differences imposed 
high dynamic loads on the mechanical actuation mechanism of the microswitch within 
the pressure switch assembly (Fig. 5-28). 


During a normal engine start, with the OMPS commanding the POSV, the OF PS would 
cycle 20 to 30 times. Four or five of these cycles would be inductive (POSV current) 
load carrying cycles prior to OMPS actuation. During an engine start wherein the 

OF PS was commanding the POSV (an OMPS malfunction), the OF PS would cycle 25 to 
50 times prior to engine thrust development. Of these cycles, 20 to 35 would carry 
POSV current load prior to thrust chamber ignition. 


Subsequent back pressure in the oxidizer line raised the RMS pressure value well 
above the OFPS actuation pressure range. Thus, evaluation of continuous running in 
the cyclic mode was not of particular concern; however, the accumulative results of 
multiple starts could exceed the switch mechanical life design margin. The tests 
conducted, with one exception, showed no mechanical failure or degradation of the 
microswitch actuation mechanism in a total of 56 runs on six Switches, comprising 
approximately 60, 000 cycles of switch operation. The exception occurred in test 2101 
in which switch number A10120 was run for 240 seconds, comprising also approximately 
60,000 cycles. Prior to this test the same switch had, in test 2100, been tested over 
130 seconds total. At the conclusion of test 2101, the switch was disassembled and the 
beryllium-copper leaf-spring was found to be significantly deformed as shown in 

Fig. 5-29. To obtain this nature of deformation, a spring temperature in excess of 
800° F was required. The other five switches (tests 2095 through 2099) showed no 


mechanical failures or degradation of the microswitch: actuation mechanism. 
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Tests which imposed a 2.4 to 3.0 ampere POSV inductive load caused severe burning 
of the OFPS electrical contacts. In two tests, however, 1.2 ampere resistive loads 
were imposed, and no contact degradation was found. In tests which used a POSV 
inductive load, the anode contact (movable spring contact) was pitted and the cathode 
contact (normally-open contact) had gross metallic-oxide buildup. Tests were run 
with and without the EMI suppression network but no difference in the severe contact 


erosion occurred when the inductive load was used. 


Extended cycling of the switch at high-inductive current loads caused destruction of 

the silver contacts and resulted in severe heat buildup in the Be-Cu spring over 
extended operating times. The test conditions under which this occurred are 50 to 

100 times more severe than normal engine operation in terms of number of load carry- 


ing cycles of operating. 
5.7.3 Conclusions 


The mechanical durability of the OF PS and its incorporated microswitch exceeded the 
limits of the testing accomplished. Imposition of inductive electrical loads on the 
switches during testing resulted in severe heat buildup during the tests and severe 
degradation of the electrical contacts. Normal engine operating conditions result in 
a significantly lower number of cycles (20 to 30) of switch operation than those used 
in the testing. Results of the vacuum testing (paragraph 5. 8) and altitude testing 
(Section 7) showed no degradation of either mechanical or electrical properties when 
the switches were operated at conditions, either simulated or actual, encountered in 


normal engine operation, including start without an OMPS in command. 
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5.8 PRESSURE SWITCH VACUUM TESTS 


The basic intent of the pressure switch vacuum testing was to evaluate the durability 
of the microswitch contacts used in the various engine pressure switches under 
conditions of high vacuum and nominal engine operating cycles. The tests were con- 
ducted by Cornell Aero Labs in Buffalo, New York for Bell Aerosystems Co. on 

19 through 27 February 1966. The test sequence shown in Table 5-16 was established 
based on a composite mission profile for the XLR 81-BA-13 engine except that the 


equivalent number of engine starts was 38. 
5.8.1 Test Configuration 


The microswitches were mounted in vacuum chamber using a Cornell Aero Lab- 
supplied actuation mechanism. A solenoid coil from a pilot operated solenoid valve 
(POSV) with EMI suppression, was supplied by BAC. A test cycle consisted of one 
operation of an oxidizer manifold pressure switch (OMPS) microswitch followed by 
20 operations of an oxidizer feed pressure switch (OF PS) microswitch. The POSV 
coil was used with each microswitch for each test cycle. Coast times between cycles 


was as shown in Table 5-16. 
5.8.2 Discussion 


The microswitch used in both the OMPS and OFPS assemblies is shown in Fig. 5-29. 
Microswitch contact erosion and tempering of the Be-Cu leaf spring were observed 
in the mechanical durability tests wherein the microswitches were continually cycled 


under full load conditions far in excess of normal engine cyclic operation. 


The microswitches used in the OMPS and OFPS are manufactured by Minneapolis 
Honeywell Microswitch Division as a special modification of a standard 1SM3 switch. 
The modified microswitch is designated 1SM179 and was designed specifically for use 


in pressure switch assemblies of the BAC engines. The nominal operating and 
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dimensional characteristics of the 1SM179 microswitch are given in Table 5-17 with 
those of the standard 1SM3 for comparison. The lower minimum cycle life is a 
derated figure based upon the greater overtravel and thinner spring material used 

in the 1SM179 and is a conservative figure. In the mechanical durability tests the 
switch used in tests 2100 and 2101 mechanically survived more than 60, 000 cycles 
even with the excessive contact erosion and heating caused by the high cyclic rates 
and inductive loading. The manufacturer's data provides no electrical ratings above 
50, 000 feet altitude. Previous qualification tests of the pressure switch assembly, 
and thus the microswitch which is internally mounted, were at an altitude of 300, 000 
feet. These tests were run with 1.2 ampere inductive loads for a total of 100 cycles. 
Several LMSC Agena Military programs have used similar M-H microswitches in 
applications above 800,000 feet. Approximately twenty of the switches listed in 
Table 5-18 were applications wherein the first operation of the switch was after 

10 days of on-orbit environment. Of the total of over 200 switches flown, one possible 
mechanical malfunction was experienced which was related to mechanical installation 


of the switch and was not an inherent microswitch malfunction. The maximum current 


handled, from Table 5-18, was 1.0 ampere inductive which is below the levels required 


for Gemini application. 


No other ground or flight test data was available for high-vacuum application at high- 
inductive loads under cyclic operation. The tests performed at the Cornell Aero Labs 
provided sufficient data on this mode of operation to warrant continued use of the 
engine electrical control system design utilizing the OMPS and OFPS combination. 
Thirty-eight engine start sequences were run which resulted in 760 cycles of OF PS 
microswitch operation under full load. AEDC test data (CB series) showed an average 
of five OF PS full cycles (load carrying) prior to OMPS make for a normal OMPS start 
and an average of 27 OF PS full cycles for an OFPS start. The total of 33 OMPS and 

5 OF PS starts were made on the AEDC switches prior to disassembly. Examination 
of these switches confirmed the results of the Cornell Aero Lab tests for an altitude 
range of 300,000 to 400,000 feet. Forty-three OMPS and one OF'PS starts were 
accomplished at sea level conditions during the engine flightworthiness demonstra- 


tions and subsequent examination showed no degradation of the microswitch contacts. 
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5.8.3 Conclusions 


No anomalous operation was found in any test. The microswitches were disassembled 
and all contact surfaces were examined; no evidence of cold welding or contact 
degradation was observed. 


Normal engine operating conditions during either OMPS or OFPS start command have 


no detrimental effects on the microswitch contacts over the altitude range of the 
planned Gemini missions. 
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Table 5-17 
MANUFACTURER MICROSWITCH SPECIFICATIONS 


Standard Modified (1SM3) 
Actuation Pressure 3—5 oz. 3 0Z. max. 
Pre travel 0.030 in. 0. 030 in. 
Differential Travel 0. 004 in. 0.002 in. 
Over Travel 0.005 in. 0.010 in. 
C-Spring Thickness 0.0030 in. 0.0025 in, 
Minimum Cycle Life 200, 000 10, 000 
Contact Material Fine Silver Fine Silver 
Leaf Spring Material Be-Cu Be-Cu 


C-Spring Material Be-Cu Be-Cu 


Electrical Ratings (Same for 1SM83 and 1SM179) 


5 amps Resistive at Sea Level 
5 amps Resistive at 50, 000 ft 
3 amps Inductive at Sea Level 
2.5 amps Inductive at 50, 000 ft 


5 amps at 250 vac U. L. Rating 
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Section 6 
SEA LEVEL FLIGHTWORTHINESS DEMONSTRATION TESTS 


6.1 OVERALL OBJECTIVES 


The sea level flightworthiness demonstration tests entailed component level testing of the 
pressure switch relay box, shock and vibration testing of the modified engine hardware 


installation, and a series of complete engine assembly test firings at sea level conditions. 


Upon completion of the sea level tests, test engine 803 was used in the simulated 
altitude tests conducted at AEDC. 


6.2 PRESSURE SWITCH RELAY BOX 


The pressure switch relay box was a new component developed for the XLR 81-BA-13 
engine Sure Fire modification. The circuit design, functional requirements, and 
packaging were new, thus, qualification by similarity to other BAC-developed relay 
boxes was not possible. Flightworthiness tests of the relay box were undertaken to 
demonstrate compliance with the applicable test and environmental requirements of 
LMSC specification 6117D and LMSC engine model specification 1414463. Testing was 
conducted at BAC between 2 February and 24 February 1966 | 


6.2.1 Test Configuration 


Two P/N 8247-472483-1 relay boxes, which were considered representative production 
units, were used. The boxes were assembled under normal manufacturing and inspec- 
tion conditions and had successfully passed the acceptance test. A schematic diagram 

of the test setup used for both boxes is shown in Fig. 6-1. During the dynamic testing, 
shock mounts were used, a harness cable was routed and clamped similar to the engine 
frame installation, and "input" and "response" accelerometers were used as shown in 

Fig. 6-2. The accelerometer outputs and pilot operated solenoid valve (POSV) voltage 


6-1 


LOCKHEED MISSILES & SPACE COMPANY 


— = — -_ oe — ——__—__——— — ——————————— ——————— 


LMSC-A818110 


were recorded on magnetic tape for high-response analysis. The tests were conducted 


in accordance with BAC procedure 8247-928308. 
6.2.2 Test Results 


No anomalies were observed during the testing (see Table 6-1) except under sine 
vibration operation when the magnetic tape data showed several dropouts on POSV 
voltage. Examination of data and test instrumentation showed that a test connection 
was functioning intermittently. Subsequent test runs showed no evidence of dropouts. 
No visible structural failures were observed in the relay box or shock mounting hard- 
ware. All functional tests were passed and no relay chatter was indicated on the 
magnetic tape data. No insulation breakdowns nor excessive leakage currents were 


observed during any of the dielectric strength or insulation resistance tests. Opera- 


tion of the relay box in an explosive atmosphere resulted in no ignition of the atmosphere 


and internal and external examination revealed no corrosion as a result of the humidity 


tests. 


The pressure switch junction box (refer to paragraph 5.2) is identical in manufacturing 
methods, packaging design, and mounting and is considered qualified by similarity 
based on the test results for the POSV relay box. 


6.2.3 Conclusion 


The pressure switch relay box and pressure switch junction box both are qualified and 


have adequately demonstrated flightworthy operation during the component level tests. 
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6.3 ENGINE XRM-4 DYNAMIC TESTS — VIBRATION AND SHOCK 


Vibration and shock flightworthiness demonstration tests were conducted to demonstrate 
the structural integrity of the modified engine installation design changes resulting 

from the Project Sure Fire. The tests were conducted during the period 15 January 1966 
through 2 March 1966 at the Bell Aerosystems Company test laboratories. 


6.3.1 Test Plan 


Dynamic tests were conducted using the XRM-4 rocket engine assembly modified to 
incorporate the design change installation of the XLR 81-BA-13 engine components. 
Engine XRM-4 was modified as required to simulate the structural mass, inertia, 
and dynamic characteristics of a production engine. The modified rocket engine 
assembly was subjected to the following tests in the sequential order as listed: 
functional test, shock, visual inspection, functional test, vibration, visual inspection, 
and functional test. 


The engine test assembly was vibrated along its longitudinal axis at a constant octave 
sweep rate for a total duration of 45 minutes. Input was at the engine mount attach points 
and in accordance with the following schedule. 


5 to 10 cps at 1/4 inch amplitude 
10 to 16 cps at 2.0 g peak acceleration 
16 to 22 cps at 3.0 g peak acceleration 
22 to 100 cps at 2.0 g peak acceleration 
100 to 250 cps at 3.0 g peak acceleration 
250 to 500 cps at 5.0 g peak acceleration 


~ 
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The engine test assembly was vibrated along its lateral and vertical axes at a constant 


octave sweep rate for a total duration of 45 minutes in each axis. 


e Input at the engine mount attach points was in accordance with the following 
schedule. 
5 to 6.5 cps at 1/4 inch amplitude 
6.5 to 100 cps at 1.0 g peak acceleration 
100 to 250 cps at 2.0 g peak acceleration 
250 to 500 cps at 4.0 g peak acceleration 
e@ Input at the turbine exhaust duct tab was in accordance with the following 
schedule. 
5 to 6.5 cps at 1/4 in amplitude 
6.5 to 60 cps at 2 g peak acceleration 
60 to 100 cps at 3.5 g peak acceleration 
100 to 250 cps at 4.0 g peak acceleration 
250 to 400 cps at 5.0 g peak acceleration 


The engine test assembly was shock tested in each of the three mutually perpendicular 
axes according to the following schedule. 


Axis Test Level Duration Direction No. of Tests 
Longitudinal 25 ¢ 6 ms Plus and Minus 3 in each direction 
Lateral 5¢g 6 ms Plus and Minus 3 in each direction 
Vertical 5g 6 ms Plus and Minus 3 in each direction 


6.3.2 Test Configuration 


The XRM-4 engine consisted of a hard mockup with mass simulated non-functional 
parts. The functional hardware used was peculiar to the Project Sure Fire modifica- 
tion since all other hardware had been previously subjected to preliminary flight rating 
tests (PF RT) in accordance with engine specification requirements. The sinusoidal 
vibration test of the engine was conducted in accordance with current LMSC engine test 
requirements. Figures 6-3 and 6-4 show the test article in the typical setups for 
conducting the vibration and shock tests, respectively. Table 6-2 shows the location, 


orientation, and type of accelerometers used for the vibration and shock tests. 
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6.3.3 Test Results 


A resonant frequency search of the engine test fixture disclosed resonant points with 
transmissibility values ranging from less than 1.0 to approximately 9.1 to 1, which 
could yield overtest or undertest at certain frequencies. Rework of the fixture or 
fabrication of a new fixture, to meet specification LMSC 6117D requirements was 
waived due to schedule limitations. To compensate for the fixture resonant frequencies, 
and possible overtest or undertest, a triaxial accelerometer was used for input control. 
The accelerometer used the total vector sum from each sensing element to control 


the shaker input. 


Testing along the three axes of vibration was conducted withno structural or functional 
failures of the engine hardware as demonstrated by post-test functional checks and inspec- 
tion. The vibration test results are listed in Table 6-3. 


Post-test inspection and functional checks revealed that no structural or functional 
anomalies occurred as a result of the shock tests. Figure 6-5 shows typical shock 
photographs taken of the shock input pulses during the shock tests. Table 6-4 shows 
the results of the response accelerometers during each shock test. 


6.3.4 Conclusions 


The engine completed vibration and shock testing with no evidence of structural or 
functional failures to the engine hardware as a result of test levels and durations imposed. 
Based on these test results and on the correlation between past dynamics tests 

and flight history, the structural and functional integrity of the modified engine was 
validated and the configuration was judged to be structurally flightworthy. | 


Future engine vibration tests should be conducted with a test fixture natural frequency 
above 400 cps to eliminate engine overtesting or undertesting at certain frequencies. 
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Fig. 6-3 Typical Vibration Test Setup 
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Fig. 6-4 Typical Shock Test Setup 
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LONGITUDINAL AXIS, 25.0g - 6.0 MS LATERAL AXIS, 5.0g - 5.8 MS 


VERTICAL AXIS, 4.7g - 6.4 MS 


Fig. 6-5 Shock Test Inputs 


6-12 


LOCKHEED MISSILES & SPACE COMPANY 


Accelero- 
meter 
Number 


1 


aN 


Table 6-2 


Location Orientation 


Axis of Vibration 
or Direction of 
Shock 


Electronic Gate 


Electronic Gate Mount 
Press. Switch Relay Box 


Press. Switch Relay Box 
Mount 


Fuel Start Tank 
Oxidizer Start Tank 
OMP Switch 

OMP Switch Mount 
OFP Switch 


OFP Switch Mount Axis of Vibration 


or Direction of 
Shock 


Thrust Chamber Lug Longitudinal Axis 


Vertical Axis 
Lateral Axis 
Longitudinal Axis 


Thrust Chamber Lug 
Thrust Chamber Lug 
Gimbal Ring — Top 
Gimbal Ring — Bottom 


Eng. Mount Gimbal Lug — 
Left 


Eng. Mount Gimbal Lug — 
Right 


Eng. Mount Actuator Lug — 
Top 


Eng. Mount Actuator Lug — 
Side 


Thrust Chamber Lug Longitudinal Axis 
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ACCELEROMETER LOCATIONS FOR VIBRATION AND SHOCK 


Type 
Endevco 2226 


Endevco 2226 


Endevco 2242C 
with 2985 MI Stud 


Endevco 2226 


Endevco 2226 


Endevco 2242C with 
2985 MI Stud 


LMSC-A818110 


Table 6-2 (Cont.) 


Accelero- 
meter 
Number Location Orientation Type 


21 Gas Generator Injector Axis of Injector Endevco 2226 


22 Test Fixture Near Upper Longitudinal Axis 
Left Mount 


23 Test Fixture Near Upper Lateral Axis 
Left Mount 


24 Gas Generator Sol. Valve Axis of Vibration 
Mount (not required for 
shock) 


Fuel Dual Check Valve Axis of Vibration 
(not required for 
shock) 


Oxidizer Dual Check Valve | Axis of Vibration Endevco 2226 
(not required for 
shock) 
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6.4 ENGINE HOT FIRE TESTS 


Firing tests of the Sure Fire modified engine were conducted to demonstrate flight- 
worthiness and to establish confidence in the operation and performance of the engine 


at sea level. Additional objectives of the tests were: 


e To verify that preliminary pump level characteristics would be assured 
at the maximum expected range of Gemini mission operating pressures 
and temperatures. 

e Tocertify safe engine operation at minimum and maximum voltage levels 
To verify that malfunction modes at sea level have not changed due to engine 
design modifications 

e To evaluate shock and vibration levels at specific points on the modified engine | 


during the engine start transient and ignition sequence. 


The tests were conducted at Bell Aerosystems Company (Bell Test Center Facility), 
Lewiston, N. Y. during the period between 5 January and 13 February 1966. Table 
6-5 shows the detailed test plan schedule of individual tests. 


6.4.1 Test Configuration 


Engine firing tests were conducted in test cell 2 DT, a vertical tower capable of 
supporting a maximum firing duration of 100 seconds (propellant tank volume limits) . 
Temperature conditioning of the test stand could be varied between 0° F and +160°F. 
The engine test schedule and component configuration are shown in Tables 6-6 and 6-7, 
respectively. Instrumentation and data acquisition information is listed in Table 6-8. 
Propellant flow, ! functional, and electrical schematic diagrams of the modified test 
engine are shown in Figs. 2-1, 3-1, 6-6, and 6-7. Electrical schematic, Fig. 6-6, is 
applicable for test Nos. 281 through 310 and schematic, Fig. 6-7,is applicable for 
tests No. 311 and subsequent. 
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6.4.2 Modification and Acceptance Test 


Engine 803 was received at BAC on 24 November 1965 in the P/N 1461969-5 config- 
uration. The engine had been acceptance tested, had been fired on Vehicle 5001 by 
LMSC at Santa Cruz Test Base, and had gone through a ''wet'' countdown at the 

eastern test range launch complex. Modification consisted of replacing the XLR 
81-BA-13 main propellant valves with YLR 81-BA-11 valves and addition of an 
oxidizer manifold pressure switch (OMPS) and an oxidizer feed pressure switch (OF PS) 
to assure an oxidizer pre-flow start. These modifications required addition of a 
pressure switch relay box and an electrical harness change to accommodate the 


addition of the pressure switches to the electrical system. 


During pre-fire inspection, contamination was found which subsequently led to a 
thrust chamber flush. At this time it was found that the small (0.026 in. dia.) fuel 
barrier holes were not impinging properly. The results of the reacceptance test 
indicated that the chamber would be acceptable for FWD testing. The engine was 
reacceptance tested on 23 December 1965 in the BAC P/N 8247-475200-11 configura- 
tion. (Note: This included the BAC P/N 8247-472283-5 electronic gate and the BAC 
P/N 8247-475491-1 cable assembly.) A design change was made that resulted in the 
electronic gate receiving its power supply through the vehicle aft safe arm J -box 
(ASA J-box). This created a new cable assembly (BAC P/N 8247-475481-1), which 


was installed for engine post-fire functional checks. 
6.4.3 Installation and Pre-Fire Servicing 


During the engine functional checks, fuel gas generator solenoid valve (GGSV) S/N 111 
exhibited an excessive Ny leakage of 9.35 cc/hr. at 1500 psig nitrogen pressure 
(maximum allowable is 6.0 cc/hr). Valve S/N 111 was replaced with S/N 115 prior to 


the calibration test series. 


The engine was installed on the test cell tower and during the test cell/engine electri- 
cal compatibility checkouts, a short circuit was inadvertently made across pins A 
and B of the P-6002 connector. The short circuit was caused by a faulty pin on the 


test cable being used for checkout. Since possible damage could have occurred to the 
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pressure switch relay box when the short occurred, both the cable assembly S/N 3 

and the relay box S/N 3 were replaced by cable assembly S/N 6 and relay box S/N 10. 
Significant modifications affecting the engine interface to facilitate test instrumentation 
included: 


@e Removal of the OMPS sensing line and installation of a test line 
manifold and transducer 

e Installation of a test harness shunt packs between connectors P-6023 and J-6023 
(fuel GGSV) and between connectors P-6024 and J-6024 (oxidizer GGSV). | 


6.4.4 Fixed Thrust Calibration Tests 


This first series of tests was intended to verify engine sequencing and operation and to 
calculate engine power level and sea level performance. On 16 January 1966 a 
90-second firing (run no. 281) was accomplished followed by a malfunction on the 

next start (run no. 282). Review of the data indicated no’power had reached the 
engine. Subsequent trouble shooting isolated the problem to an electrical short in 

the facility-simulated ASA J-box. The simulated ASA J-box was replaced and an 
improved mounting installation was incorporated. Post-fire and pre-fire servicing 
was conducted and on 20 January 1966 runs 283 through 296 were accomplished. 


These tests consisted of a 30-second firing and 13 firings of 2 seconds duration aon, 
with varying coast times. Review of the test data indicated that it was difficult to 
determine if the oxidizer manifold pressure switch (OMPS) or oxidizer feed pressure 
switch (OF PS) commanded the pilot operated solenoid valve (POSV), due to chatter 
in the OFPS and the slow response of the pressure traces. The characteristic 
observed is shown as follows: — 

SWITCH “SWITCH 

NO. 1 NO. 2 


ores 


RELAY BOX TELLTALE 
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For the next firing the OFPS was removed from the command circuit and a switch 

PIP monitoring circuit installed. Run No. 297, a 2-second bit impulse run was 
performed and results demonstrated that the OMPS actuated at approximately 0.150 
second before the OFPS. Prior to the next run, the OFPS was connected back into the 
command circuit and both switches were wired to give a switch PIP indication. Also, 
the OMPS sensing line was changed to flight configuration (1/8 inch tubing, approxi- 
mately 33 inches long with one transducer, 0-50 PSIG). 


On 22 January 1966 a 90-second firing was conducted (run No. 298) which completed 


the fixed thrust calibration tests. 
6.4.5 High and Low Temperature Tests 


High and low temperature tests were conducted to verify proper operation of the 
modified engine over the specification temperature range. While conducting the 
pre-fire engine servicing, a gas leakage was noted at the oxidizer pump discharge 
outlet flange and the seal was replaced. On 26 January 1966, temperature conditioning 
was initiated, starting the 24-hour soak at +140°F. The high temperature soak was 
aborted after 10 hours due to low oxidizer start tank pressure. Investigation revealed 
that an error was made in charging the start tank which resulted in a gas leak and an 
actual pressure of 770 psig existed in lieu of the required pressure of approximately 
1000 psig. 


After correcting the pressure discrepancy, difficulty was experienced with the steam 
circulation equipment (ambient weather was -10° F) and it was agreed to conduct the 
cold temperature tests first. On 29 January 1966, the 24-hour soak at +10° F was 
completed and runs 299 through 301 were successfully performed. Post-fire and 
pre-fire servicings were accomplished with no significant incidents and runs 302 


through 304 at +32°F were accomplished on 30 January 1966. 


The facility electrical system was modified prior to the high temperature test to 


provide post shutdown monitor capability of the OMPS and OFPS deactuation sequence. 
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The remaining 14 hours of the 24-hour soak period were scheduled and on 4 February 
1966 runs 305 through 307 at +140°F were performed. The following day, the +90°F 


firings, runs 308 through 310 were accomplished. 
6.4.6 Safety Limits Tests 


The purpose of the safety limits tests were to verify that the modified engine would 
operate properly over the range of specification voltages. The OFPS S/N A-10573 
was replaced with S/N A-10571 because the 1/8 inch threads were stripped. The 
LMSC flight pressure transducer (for fuel valve actuation pressure) was installed, 


and relay box S/N 10 was replaced with pressure switch junction box S/N 001. 


On 9 February 1966, four safety limit tests, runs 311 through 314 were accomplished. 
During run No. 312, the Beckman tape jammed after eight seconds, resulting in a loss 
of data. Also lost on the oscillograph was oxidizer suction pressure, oxidizer flow 


rate, and fuel valve actuation pressure. 
6.4.7 Malfunction Tests 


The first malfunction test (fuel valve fails to open on start, run No. 315), was 
accomplished in series with the safety limit tests. The run was terminated after 

3 seconds by timer to reduce the amount of oxidizer flow in the test stand area. The 
speed trace indicated that an overspeed shutdown would have occurred within 0.5 
seconds of additional engine operating time. The remaining eight malfunction tests 
were grouped into two test series to minimize engine servicing requirements between 


runs and reduce the test schedule. 


e RunNo. 316. OFPS start; POSV fails to open on shutdown. Phase A only. 
20 seconds run duration. Accomplished satisfactorily. 
e Runs 317 through 319. Loss of electrical power on Start No. 1 


1 (425 33 (+2 THRUST CHAMBER 
39 1 (425) =a) ‘c] 391 (415) {pRessuRE AT 
SHUTDOWN COMMAND 
5 MINUTES 72 SEC 


1 + —COAST TIME | o, ed 


PHASE A - NORMAL START 
PHASE B AND PHASE C - POSV ENERGIZED ON START (FUEL LEAD) 
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e Runs 320 through 323. Loss of power on Start No. 2. 
391 (425) | Baessu CHAMBER 


PRESSURE AT 
33 (42 
33 (42) - ) Cc SHUTDOWN COMMAND 
A 


| pS. MINUTES > | 0.22 SEC 
COAST TIME < COAST TIME al i 
PHASE A, PHASE B, AND PHASE C - NORMAL START 
e RunNo. 324. Simultaneous propellant exhaustion. Phase A only — 


20 seconds duration. 


The OMPS was removed from the command circuit and the flight OF PS sensing line 
was installed during run no. 316. At approximately 0.22 seconds following the shut- 
down of run no. 320 (Phase A of loss of power on start no. 2), the engine was inad- 
vertently fired (run no. 321), with shutdown initiated by loss of power at a chamber 
pressure of 397 psig. This produced one extra run, and was later traced to a mal- 
function of the malfunction test panel. 


6.4.8 Post Fire Servicing 


On 13 February 1966, direction was received to terminate the sea level FWD Program 
and ready the engine for shipment to AEDC. The engine was flushed, final functional 
checks were conducted, and discrepancies found were resolved (refer to Failure Anal- 


ysis & Corrective Action Summary in Section 11). 


Since the engine was committed to the AEDC Program, the final disassembly and 
inspection of the following components was deferred until return of the engine from 
AEDC: oxidizer manifold pressure switch, oxidizer feed pressure switch, fuel valve, 


and oxidizer valve. 
6.4.9 Engine Performance and Operation Test Results 


The engine sea level hot fire tests performed on engine 803 demonstrated that the 
modified XLR 81-BA-13 engine control system could consistently provide an oxidizer 
preflow similar to the YLR 81-BA-11 engine, and operate repeatedly over the speci- 
fication range of temperature, voltage, and pump inlet pressures. Specifically, the 
addition of the oxidizer manifold pressure switch (OMPS), and substitution of the 


YLR-81-BA-11 main oxidizer and fuel valves resulted in an average sea level 
6-22 


LOCKHEED MISSILES & SPACE COMPANY 


a, Co, COE omer 


a 


a , ( 


— im 


| 


— 


4 


ee 


LMSC -A818110 


oxidizer preflow of 4.7 pounds. The average sea level oxidizer preflow of the 
YLR 81-BA-11 engine is 4.8 pounds. A summary of the engine sea level FWD tests 
is presented in Table 6-9. 


An evaluation of the engine transient data indicates excellent engine operation within 
predicted limits throughout the range of environments to which the engine was sub- 
jected. Two trends of significance noted in correlating the data are as follows: 


e The engine consistently exhibited an oxidizer postflow of approximately 
3 pounds less (28 pounds vs,31 pounds) than the YLR 81-BA-11 engine. | 
This difference is attributed to the faster closing time of the gas generator 
oxidizer valve (GGOV) on the XLR 81-BA-13 engine relative to the gas 
generator bi-propellant valve on the YLR 81-BA-11 engine. When the 
engine main fuel valve closes, the engine speed increases until the turbine 
manifold pressure decays as a result of one or both of the propellants being 
terminated to the gas generator. Then oxidizer postflow becomes a function 
of the peak turbine speed achieved since oxidizer flow is proportional to 
turbine speed and the turbine speed decay rate is repeatable. The average 
closing time of the XLR 81-BA-13 GGOV, which closes first, is 0.110 seconds, 
compared to approximately 0.150 seconds for the YLR 81-BA-11 bi-propellant 
valve. 

e At both the 19.5 and 22.5 volt power input levels to the engine, a trend was 
detectable in the gas generator solenoid valve opening times, although the 
effect on engine start transient sequencing is not significant. Three 19.5- 
volt tests at 40°F and one 19.5-volt and one 22.5-volt test at 65° F indicated 
an average GGOV and GGF'V opening time delay of 0.015 and 0.050 seconds 
respectively, compared to the other tests at 26 volts and above. 


The malfunction tests demonstrated that the engine control system was capable of 
safely starting and shutting the engine down under various imposed malfunction modes, 
as discussed below: 
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e Engine Main Fuel Valve Fails to Open — This test indicated that the elec- 
tronic gate would safely shut the engine down, due to turbine overspeed, 
in 2 to 3 seconds after the time at which the fuel valve should open. 

e  Oxidizer Feed Pressure Switch Start — In this test, simulating an OMPS 
which fails to actuate, the OFPS provided a 17 pound oxidizer preflow and 
the engine started without detrimental engine operation. Reliable ignition 
with a larger oxidizer lead was also demonstrated during AEDC tests 
(Refer to Section 7). Turbine speed rose to 23,750 rpm during the start 
transient which is approximately 2000 rpm higher than a normal OMPS 
start. 

e Power Interruption Series — The engine restarted and shut down safely 
without any apparent detrimental effects on the engine hardware. 

e POSV Fails to Open on Shut Down — The main fuel valve remained open 
at shutdown signal while the gas generator valve closed and terminated 
combustion in the gas generator. This resulted in a more rapid than 
normal turbine speed decay rate at shutdown due to the additional loading 
on the pumps caused by the fuel flow to the thrust chamber. At a turbine 
speed of 7500 rpm and a thrust chamber pressure of 90 psia, the fuel valve 
closed due to the decay in fuel pump discharge pressure, and the oxidizer 
valve closed at 6500 rpm due to the decay in oxidizer pump discharge 
pressure. There were no deleterious effects observed during this abnormal 
shutdown transient. 

e Simultaneous Propellant Depletion — The electronic gate turbine overspeed 
circuit shut the engine down safely, limiting the maximum turbine speed to 
a value of 35, 300 rpm. 


6.4.10 Engine Performance and Operation Test Conclusions 
The modified XLR 81-BA-13 engine start, steady state, and shutdown characteristics 
were all satisfactory and within predicted limits during the sea flightworthiness tests. 


demonstrating that the modified design was ready to be tested at simulated altitude 


conditions. 
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All procedural changes for the modified engine were checked out and verified, and 
declared usable for the simulated altitude tests and for flight engine checkout at 
LMSC, Sunnyvale, and Eastern Test Range. 


6.4.11 Dynamic Data Test Results 


The engine and facility thrust mount were instrumented with dynamic measurement 
transducers as shown in Table 6-10 and Fig. 6-8. Engine vibration, force, and pressure 


measurements were monitored during all sea level FWD hot fire tests. 


Test dynamic data results are presented in Tables 6-11 and 6-12. Table 6-llisa 
summary of the dynamic data at thrust chamber ignition on engine hot fire tests 281 

and 283 through 324. Accelerometer data in Table 6-11 are the peak g's recorded at thrust 
chamber ignition. Average peak g's for each.run are listed to give a comparison 

between runs for different hardware and propellant temperature conditions. Using 
accelerometer A-1 (mounted on the thrust chamber lug) as a reference accelerometer, 


the minimum and maximum peak g's from the 43 engine firings were: 
e Minimum — 16 g's 


e Maximum — 108 g's 


The average peak g's for each run varied from 41 to 79. The high peak g average 
resulted from the malfunction test 319 which was the second pulse of a multiple power 
interruption test with 0.22 seconds between the first shutdown signal and restart 
command. The start transient total force levels from the load cell data varied from 
9409 to 14,105 pounds. The load cell data from test 281 was not considered valid 

due to calibration discrepancies. The mean total force from the available data was 


11,757 pounds, which is near predicted for sea level conditions. 


Table 6-12 shows the results of the Power Spectral Density (PSD) data from 9 of the 43 
tests that represent different propellant inlet temperature conditions from 0 to +143°F. 
The data shows a spread of 0.5 to 17 g (RMS) for the engine test firing for a 0.5 second 
period beginning shortly after thrust chamber ignition. 
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The Power Spectral Density data shown in Table 6-12 and Figs. 6-9, 6-10 and 6-11 are 
typical results of the sea level engine FWD tests and indicate average levels signi- 
ficantly less than the Specification LMSC 6117D test requirements of 18.7 g (RMS) . 
These PSD plots show distinct peak frequencies occurring around 850, 1500, and 

1700 cps. Most of the energy represented by the area under each PSD plot occurs 

at these predominant frequencies which, as expected, correlate with the engine pump 


impeller frequencies. 


An evaluation of the dynamic test results does not indicate a trend of thrust chamber 
ignition shock as a function of temperature at sea level conditions. However, the 
high response chamber pressure measurement indicated a more gradual initial rise 
rate (0.070 seconds from 0 to 70 psig) at higher temperatures. Test 318 was the 
start for a power interruption fuel lead start sequence and no indication of an ignition 
delay and no significant difference in ignition accelerations or thrust loads were 
observed, however, the highest chamber pressure rise rate (0.035 seconds from 0 

to 70 psig)was observed on this test. The second pulse of the fuel lead power inter- 
ruption (test 319) indicated the highest average ignition peak shock levels. However 
the chamber pressure characteristics, which were affected by the short coast periods 
wherein residual fuel is retained and reacts with the oxidizer post flow, do not permit 


a valid correlation of chamber pressure rise rate for this test. 
6.4.12 Dynamic Data Test Conclusions 


e The sea level engine FWD dynamic test results, throughout the range of 
test conditions, indicate no adverse loading or accelerations during the 
engine start transient or operation. Therefore, within measurement and 
analytical capability, adverse conditions during the fuel lead start were not 
observed at sea level. 

e The general review of steady state engine operation vibration levels during 
these FWD tests indicate levels approximately equal to the specification 
LMSC 6117D test requirements. 
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The average thrust chamber ignition peak g's (53 g's) recorded with the 

engine hard mounted installation were greater than the shock test levels of 

40 g's specified in LMSC 6117D, environmental test specification for the 
vehicle component installations. An extensive analysis of each ignition 
accelerometer transient would be required to present the total energy levels 

at ignition for each accelerometer transient. However, an evaluation of 

the high peak accelerometer data indicates the ignition shock total energy levels 
obtained with the engine FWDT hard mounted installation were lower than 

the LMSC 6117D specification test requirements of 1/2 sine wave, 40 g's 

peak for 8 millisecond duration. 

The engine FWD test ignition average peak acceleration levels are greater 

than the corresponding average longitudinal acceleration peak levels recorded 
during the XLR 81-BA-13 and YLR 81-BA-11 engine acceptance tests (Ref. 
paragraph 5.6). However, the differences in facility thrust structure, engine 
attitude, accelerometer installation techniques, and rigidity of gimbal actuators 
compared with solid links prohibit a direct correlation of the accelerometer 
test results even at similar test conditions. 

The dynamic test results indicate that test conditions per se did not impose 
significant effects on engine dynamic operation, over the range of the sea 

level FWD conditions tested. 
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Event: After thrust chamber ignition 
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Fig. 6-10 Engine Power Spectral Density Data 
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Table 6-7 
ENGINE COMPONENT CONFIGURATION 


Drawing Dash Component 
803 


Engine Assembly 8247-475200 1¢~13)° 


1. Thrust Chamber Assy 8247-470001 
Fuel Valve Assy 8096-472105 
(Fuel Valve) 8096-472110 
(POSV) 8247-472015 20 
Oxidizer Valve 8081-472050 2 
Ox. Manifold Press. Sw. 8096-472065 A10594 


3 


2. Turbine Pump Assy 8247-474004 ‘ 
111 (115) 


Fuel, GGSV 8247-472020 
Oxidizer, GGSV 8247-472025 
Fuel, Dual Check 8247-472040 
Ox., Dual Check 8247-472035 
Fuel, Fill Valve 8247-472070 
Ox., Fill Valve 8247-472065 
Fuel, Bleed Valve 8247-472080 
Ox., Bleed Valve 8247-472075 
Fuel Venturi Assy 8247-472060 
Ox. Venturi Assy 8247-472055 
Fuel Tank Assy 8247-471202 
Ox. Tank Assy 8247-471201 


3. Electronic Gate 8247-472283 i 
4. Relay Box 8247-472483 1 
Junction Box 8247-472383 z 
5. Cable Assy 8247-475491 1 
Cable Assy 8247-475481 7 


et ae a oe eo oe OCS) Os | 


6. Ox. Feed Press. Sw. 8096-472065 
7. Duct Assy 8096-475105 


Legend: 


Acceptance test conducted with -491 harness 

Replaced cable assy and relay box due to short that occurred during checkout (1-16-66) 
Fuel GGSV S/N 111 leaked 9.35 cc/hr (max allowable 6.0 cc/hr) (replaced 1-16-66) 
Threads stripped in pressure switch case (replaced 2-9-66) : 
Configuration change — retrofit with junction box — created -13 engine (2-8-66 


omormemoms) 
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Table 6-7 (Cont.) 


General Notes: 

= OFPS sensing line was not flight configuration due to instrumentation require- 
ments. 

2. Test harness shunt packs were installed for fuel and oxidizer GGSV electrical 
monitoring. 

3. Test harness added to monitor OMPS and OFPS actuation during firing. 
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Table 6-8 
ENGINE TEST INSTRUMENTATION AND DATA ACQUISITION 
(Test Firings 2DT 281-296) 


Data Recording 


Para- |Transducer Transducer 
meter Range Monitor Point 210 Chart | lograph | Tape 
FSP-1 100 psia | Fuel pump inlet line x x xX 
FSP-2 100 psia | Fuel pump inlet line x 
OSP-1 100 psia | Oxidizer pump inlet line xX x xX 
OSP-2 100 psia | Oxidizer pump inlet line xX 
OVIP-1]| 2000 psia | BP-2 D4 x X 
OVIP-2/} 2000 psia | BP-2 D4 
FVIP-1 | 2000 psia | BP-1 x x X 
FVIP-2 | 2000 psia |} BP-1 x 
MVIP-1; 1000 psig | Fuel pump motor venturi X 

inlet 
MVIP-2| 1000 psig | Fuel pump motor venturi xX 

inlet 
FVAP 1000 psig | BP-3 X x 
FTP 1000 psia| Fuel tank ullage ».4 
OTP 100 psia | Oxidizer tank ullage X 
TMP-1 500 psig | DP-3 xX Xx X 
TMP-2 500 psig | DP-3 X 
TCP-1 1000 psig | TC pressure sensing port xX 
TCP-2 1000 psig | TC pressure sensing port xX 
TCP-3 500 psig | TC pressure sensing port xX xX 
TCP-4 500 psig | TC pressure sensing port xX x 
TCP-5 50 psia | TC pressure sensing port x xX 
OFP 1000 psig | OFPS sensing line x x 
OMP-1 | 1000 psig | OMPS sensing line xX x 
OMP-2 50 psia | OMPS sensing line D4 x 
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— 


kd he 


LSP 


Transducer 


Range 


50 psia 


W,,-1 (total) 
W,-2 (total) 
Wo-! (total) 
W,-2 (total) 


ODP 
FDP 
OCP 
FCP 
FST-1 
FST-2 
OST-1 
OST-2 
FSTT 
OSTT 
LST 
TCNT 
TCIT 
FTT 
OTT 
GGT 
TMT 
GBT 
FSVT 
OSVT 


1000 psig 
1000 psig 
2000 psig 
2000 psig 
See Note 1 


Table 6-8 (Cont.) 


Transducer 
Monitor Point 


Lip seal pressurization 
line 


Fuel pump inlet 

Fuel pump inlet 

Oxidizer pump inlet line 
Oxidizer pump inlet line 
DP-8 

DP-9 

DP-1 

DP-13 

Fuel pump inlet probe 
Fuel pump inlet probe 
Oxidizer pump inlet probe 
Oxidizer pump inlet probe 
Fuel start tank skin 
Oxidizer start tank skin 
Lip seal pressure line probe 
TC nozzle skin 

TC injector skin 

Fuel tank probe 

Oxidizer tank probe 

GG chamber skin 

Turbine manifold skin 
Gear case skin 

Fuel solenoid valve skin 


Ox. solenoid valve skin 
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Data Recording 


Chart | lograph | Tape 


GGMPS 
Shutdown 
OSPS 


Transducer 


Range 


Table 6-8 (Cont.) 


Transducer 
Monitor Point 


See Note 1}OFPS skin x 
Fuel valve skin Xx 
OMPS skin Xx 
Relay box skin X 
Electronic gate skin xX 
+50 psi TC pressure sensing port 
+50 psi OMPS sensing line 
— See Table 6-10 
Reference Figs. 6-6 xX 
and 6-7 
Xx 
Xx 
X 
X 
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Data Recording 


= : 
210 Chart|lograph | Tape 


X 
X 
X 

X 

X 

xX 

X 

X 

X 

X X 

xX 

X 

X 

xX 
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Table 6-8 (Cont.) 


Data Recording 


God 
Beckman Chart | lograph Ea 


1. All temperature measurements taken with Chromel Aluminal thermocouples, 


type CA-150, with recording system calibration and range for the individual range 
of temperatures expected. 


Transducer 
Monitor Point 


Engine 

Telltale 
(Electronic 
Gate) 


Reference Figs. 6-6 
and 6-7 


Relay Box 
Telltale | 


Malfunction 


Note: 


6-45 


~ 


LOCKHEED MISSILES & SPACE COMPANY 


= 


LMSC -A 818110 


“MLA 8 OST ‘OGAV 
ye OSN IOF poyeprTyTeVA pue yo 


poyoeyo sosuvyo Ternpedoad [Tv 


* SUOTIIPUOD 

yooys puve UOTBIQIA UOTYBOTFIOOdS 
WNUITXeUl Lepun ALTOJORISTIeS SB POT] 
-TIOA USTISOp Teinjontjs pue UOTIeT 
-[eJSUI SJUSUOdWIOD SUTSUS PSTJIPOs 


*pojso} SUOTJIPUOD UOT} 

-OUNJ[BUL O[SUTS oY} LopuUN pouTe}qo 
UMOPJNYS s[qBITeT pue ojes ‘°o°T 
‘ouISUO E[- TBULSTIO OY} Sv ouleS 
OY} OQ 0} POTJILOA OUTSUS POTJIPOUL 
jO SOpow UOTJOUNF{eUL [OAT BOS 


STOAOT OSRI[OA WINUITXeU pue WINUT 
-TUTUL 7B SITUIT] poqrtosead uTyyIM 
Sutouenbes pus uotje1edo oursuq 


esuel 

oInjeLoduls} UOTJVOTJIOOdS BAO poTT 
-IJ0A 90UeUTLOJIEd pue uoT}e1edo 
o7eis Apeojs pue JUSCTSURI} OUTSUy 


STUNT] poyoTpeid uTYy}IM pue A104,0¥KF 
-sTljes uoTje.10do pue oduvuULojy.10d 
eyejs Apeojis pue JUuoTSUeI} OUTSUT 


sqnsoy 


ee i a a Re as Re i i a 


09 97 0S 02 9E ‘T 


GL, 01 0G 
(YSTH) OFT 8 OOT 
(MO'T) ZE BST ‘0 0€ BST ‘Z 
06 8 08 ‘Z L 


T 
(A o) (908) Sjso J, (996T) 
soinjeroeduis J, uoTye.ing JO °ON | pOTIOg 4soL 


SLSAL GMA THAT VAS ANISNG JO AUVININNS 
6-9 STF L 


ee a a 


— 
a 
uoTOUNJT CN 


syrury Ayoyes 


oinjerod 
-Wo], MOT 
9 YSTH 


uoT}eIqITeD 
JSNIYL Pox 


6-46 


LOCKHEED MISSILES & SPACE COMPANY 


LMSC -A818110 


= = = oe 


Teurpny 
-1su0T ‘SulyIq 1oyenjoy 
Yoig ye ‘JUNO! JsnIY, 


Teurpnyrsu0'T 
‘SUIT oyenjoy 
MBX ye ‘JUNOT ISNA, 


euypnytsu07 
— epig Yo ‘juouyoeyy 
Bury TequiTDH ‘yunoyw ysnzyL, 


Teurpnyrsuo'T 
— opis WuSTY “JuouyOR}H Vy 
Suly TeqUITH ‘juno 4snsyL 


[euIpMytsuoT — woW0g 
‘A[quiossy Suny Tequiry 


[eurpnyisuoT — doy, 
‘ATQuIoss VY SuTY TequITH 


Youd 
— Sn] LoquivyO JsnIyL 


pms |. MEX 
poyeTnsu] — Sn] Toquieyg jsnszyy 
TIM 


Sd) DO Bh2S Teurpnjyrsuo'T UOT}BIQIA 
%GF 000% 94S ooAOpUuy —SnJ Joqueyg snazy J, ouLsUuq 


Aoein | osuodsoy | toonpsue1y,| Zuruno0p; 
-ooy | Aouenber,4 a odky, UOT}EJUSTIO pues UOT}ed0'T cures ie Bo 


SLNGYWNAYNSVAW OINVNAG ANIDNG 
OI-9 9TqeL 


a ae ee ee ee ee ee 


6-47 
LOCKHEED MISSILES & SPACE COMPANY 


I0q 


a a aa a as Eas Pr Be 


LMSC -A818110 


(19T}STy) 
IOysSeM 
“SCI 0002 01 0 ysniy,L 
3 0G 
3 0ST 
3 00PF 
3 OOF 
pms 
3 001TF poyepnsuy 
TIM 
SdO O 222 
3 00IF %SF | 000F 07 ¢ oOoASpuy 
eSuey Aodeain | osuodsey 


-o0y | Aouonber,7 


ool 
Ssuruno | 
popuog 
Axody 


4oold 
suruno jl 


popereryy, 


ool 
Ssurjuno jy 
pepuog 
Axody 


ZeonpsueLly, | Sumuno;,y 
odXJ, od, 


(*4U0D) OT-9 eTQeL 


yo IeMO'T JUIOg yUOUT 
-qou}yyv yunMoW Jsnzyy iV 


yo T teddy yurog Juouw 
-You}7 Vv Juno, IsnIzyL, iV 


Youd 
— STY sol, oursuq 


Teulpnyrsuo'T 
— STYy sol oursugq 


peoH 

1ojyooluy ION 1OyeIOUSy 
JO SIXY OTITjEUIOSy 04 
TSllered ‘1L0ye1Lousy sey 


Teurpnyrsuo'T 
—snyT Joqureyo IsNIzy J, 


[eurIpnytsuo'T 
— Aejoy YouIMg oinssoig 


[eurpny1su0'] 
— oyeD oTUOT00TF 


o-O'T 
LT 


nA L | T-O'T 


ouIsUy 


uoTyerqr 
euTsU 


“OT 


Sty 


VIV 


elV 


CLV 


ITV 


OLV 


r0q 


UOT}EJUSTIO pue UoT}ed07T | LoJouIvIeg |-UINN 


uwt9}] 


6-48 


LOCKHEED MISSILES & SPACE COMPANY 


LMSC -A818110 


i cs is a ee a 


SdO 
“SQT 0002 °F 0 %GF | 000% 94S 


= Adern | ssuodsoy | to0npsuery, 


-oo0y | Aouonbe.z,7 


i 


(107}ST3) 
IOYyseM popuog 
ysnIyL, Axody 


hae ' 


SutyunNo |W 
ody, edAT, 


yasTY reddy yutog jJuou 
-you}} Vy yUNOW ISnIYL 1V 


JY4STY LOMO'T JUTOg JUoUL 
-you}}V JUNOW JsnIGL, 1V 


(*yUOD) OT-9 ETGeL 


as daaad 


a ee a 


6-49 


oinssolig 
requreyp 


LOCKHEED MISSILES & SPACE COMPANY 


Ro fh a 


Me 


LMSC-A818110 


hese 


New! Nis! ai a! Nel a a 


S[OAOT UOTJVIO[IONG MOT IO SofouBderOSIp UOT}eJUSUINIYSUT OJ ONP ByeEp ON — 
$389} OGAYV Woy eyep IV[TUITS YIM UOSTIeduIOD IOJ OT-y YSnor1y} [-y S19}0WLOLe[9008 sopnfouy (¢g) 
(S10}JOWI019]9008 SII 4S9}) GI pue FL ‘SON SAoJOUIOLET[900~e OpntoUT you seoq (Z) 

PIT@A poLOpTsuoo st Byep oY} ToADMOY ‘eyep UO osToU sdo 9g (T) 


(yeod 0} 02102) 10}99A 8,3 


id a 4 rd 
GV/SE| IP/ES | 09/21 1¥/L6 | Lv/96} T9/L9E | 09/6ZE | €9/STS 8h/96 TL/9SF 8L/6S¥ | 9L/1TS | 9L/9%S | bL/F09 


ert as" oa tee Lae | oad we ce T el ee Le) me eet ee ee |e OT 


SLSG.L GMA THART VAS HOU VLVG OINVNAG 
TT-9 91921. 


Té 


€S/9b 


06 


9b/0F 


*Sq[ 90107 Te}OL 


v-OT 
8-OT 
e-O'T 
T-OT 
STI9D peoT 


zTequiny 
19}OULOLe[I00y 


(90s) uoyerng uny 


*doig/LWL (4.) *dwoy, 


6-50 


LOCKHEED MISSILES & SPACE COMPANY 


*S[OAQ] UOTJBIOTOOOw MOT IO SoTouRdetosTp UOTyeJUOUMIYsUT 0} ONp ByepON — 

*]80] OGAV Wor] vyep TETTWITS YITA uosTredwO0d OJ QT-V YSnoIY) [-V SLojoWOLeTOO0R Sepnfour (g) 
+(S10]9UI0 1919008 STI 4S0}) GT PUB FI “SON SLoJoWOIETe00" epnjouy you seoq (2) 

*pI[BA poLeprsuoo st eyep oy} ToAeMoY ‘eyep UO ostou sdo QQ (T) 


LMSC -A818110 


"SqI E0LOT TIOL, 


¥-OT 

8-1 a 
Z-OT & 
T-O1 a 
O 
U 
WW 
UO 
< 
oH 
W) 
4 w& 

ike) 
i W) 
© lJ 
Be 
W 
” 
: = 
OQ 
uJ 
Wl 
Ioqumnyt x 
(JVeq 0} OL0Z) 10JDOA 8,3 19}9W0.19[900 Y x 
U 
O 
J 


0% 1i4 02 02 4 4 Té 4 z ST 4 id 0€ A A (90s) UoTyeIng uNYy 
TL/1@p | €L/608 69/898 $S/0S LOT/LOS | SOT/E09 €01/96 | ShI/TIS Sb /0SS | €1/0F GE/61Ib | S&/P8Pr 26/81 91/89F €1/61S 0/2 ‘doid/LWAI(d .)° duioy, 


(quod) TI-9 ETGBL 


LMSC -A818110 


*"S[OA9| UOT}BLO[IN0B MO] IO SoToURdoAOSIp UOT}BJUDWINAISUT OJ ONp Byep ON — 

'S]S90] OGY Wor Rep ALTTWIS YIM UOSTAedWOD IOJ OL-V YSnorzyy [-Vy StoJeWIOIE[900%e SepnyouT (g) 
*(sqojowore[9008 BIa 4804) GI pUk FL “SON SXo}OWIOAO[O00" opnyouT you seoq (z) 

“PI[BA parepIsuoo SI eyep ay} AoAQMOY ‘e}ep UO astou sdo 0g (T) 


*Sq] 9010.7 [BIOL 
oT 
oT 
Z-O1 
T-OT 


zrequinyy 
IoJeWI0.19[900Y 


(90s) uoTyeaing uNny 


0z r‘0 I S‘0 I I 0g 8 
09/¥SZ 8S/8Lz 8S/8LZ | 8S/LEz | 8S/LEz | 09/E8T | 09/E8t | ¥9/98T 6t/&h LS/¥8 ‘doid/LWL (4) ‘due. 


(*yUOD) TI-9 PTABL 


| 


} 


6-52 


LOCKHEED MISSILES & SPACE COMPANY 


LMSC -A818110 


~ ewoowt Oo O© DO ee © 
+ oA On At A NN 
oN WO NN TH NN 
ot nr OD HT OH SH 
a 
Dn ©oOoOM MOY 
oO 
= 
no tore ere oe 
co 


€ v 


S[ToAN'T (SIN) 3 pus StoquNnN LoJeWOLOTIDNY 


*S19JOUIOIOT9INNB OSOY} LOJF VyEep ON— 


“+ NNN HH Oo © 


€ ai Z oL L L G 9 al 9 P - € L8Z 
o3eB 


6-53 


no yn mo wo mM Ww OO 
om Ht &- OP ODO WH 


oD 
| 
LOCKHEED MISSILES & SPACE COMPANY 


SLSA.L GMA THAAX'T VAS HOA VIVO ALISNYC TVULOAdS YAMOd 


61-9 9T9BL 


a 


| 


ee ee ee 


i ee ee eee) 


